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Chapter 1

Introduction

1.1 Introduction and motivation

The first space-borne Synthetic Aperture Radar (SAR) observation of ocean surface waves that
provided ocean surface wave information was achieved by the SEASAT satellite in 1978, (e.g.
[Vesecky et al., 1982], [Alpers et al., 1981], [Beal et al., 1983] [Alpers et al., 1986]). SEASAT
was followed by other SAR satellites launched over the years and the ocean surface continued
to be observed and analyzed (e.g.[Hasselmann and Hasselmann, 1991], [Krogstad et al., 1992],
[Hasselmann et al., 1996], [Kerbaol et al., 1998], [Lehner et al., 2000] and [Schulz-Stellenfleth,
and Lehner, 2004] ).

As an active sensor, SAR illuminates the ground with a radar beam and unlike optical
sensors it is able to image the surface independent of sunlight (e.g.[Curlander and McDonough,
1991]). The roughness of the sea surface due to wind allows the radar beam to reflect back to
the antenna. The radar signal is able to penetrate clouds and therefore SAR is called an “all
weather conditions” sensor. SAR is able to provide two dimensional (2D) ocean surface
information. However, the ocean wave information derived from SAR data is more accurate
for the longer waves (swell) than in the high frequency wave spectra domain (wind sea) [Alpers
et al., 1981]. Methods to compensate the limitations on the high frequency domain (short ocean
waves) were developed considering a priori information from numerical wave models
[Hasselmann et al., 1996], [Schultz-Stellenfleth et al., 2005] or from other sensors like
scatterometers [Mastenbroek and de Valk., 2000].

Empirical wave height algorithms (e.g. [Schulz-Stellenfleth, et al., 2007], [Li et al.,
2011a]) and also algorithms to derive 2D wave spectra (e.g. [Engen et al., 1995], [Mastenbroek
and de Valk., 2000], [Johnsen et al., 2002], [Schulz-Stellenfleth et al., 2005], [Collard et
al.,2005]) have been developed for C-band SAR missions and SAR has been used continuously
to image the ocean surface for global applications and inter-comparison with wave models (e.g.
[Heimbach et al., 1998] and [Abdalla et al., 2006]).

The X-band satellites, TerraSAR-X/TanDEM-X (TS-X/TD-X), provide higher

resolution data than conventional space-borne SAR’s and achieve resolutions of up to 1 m and



2 m respectively at high resolution SpotLight mode, and for standard SpotLight and StripMap
acquisition mode [Breit et al., 2010].

The TS-X/TD-X has a low orbit (513 km) in comparison to conventional C-band satellites,
usually orbiting at about 800 km. This should reduce some of the limitations of imaging
moving targets by SAR. These limitations cause for instance, short wavelength (~ < 150 m)

ocean waves propagating in the azimuth direction to not be imaged properly. In the TS-X/TD-
X the displacement of an imaged target by SAR in azimuth direction dx = V/R [Lyzenga et al.,

1985], is about 73m for TS-X/TD-X, against 115 m for ENVISAT due to different platform
velocity V (7.2 km/s for TS-X/TD-X and 7.55 km/s for ENVISAT) and slant range R
(ENVISAT altitude is 800 km and TS-X/TD-X altitude is 513 km).

Therefore TS-X/TD-X SAR data provides better sea surface as previous SAR missions,
especially regarding the imaging of ocean waves [Alpers et al., 1986]. TS-X/TD-X data has
been used for ocean waves applications, focusing on sea surface wind, ocean wave refraction,
and underwater topography estimation (e.g. [Brusch et al., 2010], [G. Diaz Mendez et al.,
2010], [Li et al., 2010], [Ren et al., 2012], [Li et al., 2013], [Bruck et al., 2011]). The
development of an algorithm to derive sea state from TS-X/TD-X data was also initiated,
[Bruck et al., 2010] and continued to be developed [Lehner et al., 2012] into a mature stage
[Bruck et al.,2014]. This thesis focuses on the development of the algorithm to obtain
significant wave height H estimation from TS-X/TD-X SAR data. It is an empirical based
algorithm and it was constructed by analyzing the correlations of different SAR derived

parameters with the underlying sea state conditions, using in-situ wave measurements.

1.2 Objectives

It is the first time that TS-X/TD-X data is analyzed for sea state information. The objective of
this thesis aims first to answer the following fundamental questions, which were of course

asked on previous SAR missions:

o How much information is it possible to extract from TS-X/TD-X SAR data regarding
ocean waves?
o How reliable is this information?

e  What is the shortest ocean wave wavelength one can measure from TS-X/TD-X data?
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e  What is the shortest wavelength measured from TS-X/TD-X SAR data according to
underlying sea state conditions, wave height, and sea surface wind?

o Does it depend on the incidence angle of the acquisition?

e  What is the quality of the 2D spectrum derived from TS-X/TD-X using Fourier analysis?

e  Does the 2D peak spectral information obtained have better quality than the one derived
from previous SAR data?

o How does the one dimensional (1D) spectrum derived from TS-X/TD-X data compares
with buoy wave spectrum?

e  How do parameters derived from SAR data correlate with the imaged sea state?

o Is it possible to develop an algorithm to estimate significant wave height Hg from TS-

X/TD-X data? If yes, is it possible using only SAR data as input?

To answer these main questions, the following objectives are to be accomplished:

e The main objective of this PhD thesis is the development of an algorithm able to derive
sea state information, namely significant wave height from SAR data acquired by the TS-
X and its twin brother TD-X.

e The TS-X/TD-X SAR data is for the first time used to the analysis of sea state. It is
necessary to accomplish several sub-objectives previous to proceed to the main objective.
The first steps necessary are the so-called sensitive studies, which were also performed
for C-band SAR data, but were not yet performed to the new TS-X/TD-X X-band SAR
data. These are:

e Determination of the minimum correctly observable ocean waves wavelength
propagating in the satellite path (azimuth cut-off wavelength) by the TS-X/TD-X
in relation to the underlying meteo-marine conditions (sea state and sea surface
wind).

e Development of a method to derive the azimuth cut-off wavelength from the 2D
spectrum and the analysis of the azimuth cut-off wavelength correlation with the
underlying meteo-marine conditions.

e To assert the quality of the 2D and 1D spectrum and the derived spectral
parameters, ocean wave wavelength and direction derived from TS-X/TD-X data

compared to in-situ or wave numerical wave data.



e To investigate parameters extracted from the TS-X/TD-X SAR data which give

information regarding the underlying meteo-marine conditions.

e The second main objective is to assess the performance of the developed algorithm on
TS-X/TD-X SAR data, as well as, its ability to analyze sea state spatial variability. Due to
its high resolution TS-X/TD-X data is most suitable for the analysis of ocean waves in
coastal areas, where sea state variability is high. The sub-objectives are

e The developed algorithm is applied to coastal TS-X/TD-X imagery in order to
analyze the performance of the algorithm to measure sea state variability in highly
variable conditions.

e H.and peak wavelength wave fields derived from the TS-X/TD-X data are
analyzed and compared to in-situ and wave measurements and to numerical wave

model results not only to check the

1.3 Outline of the thesis

The thesis is structured as follows: the current chapter gives an overview regarding the topic of
observation of the ocean sea surface by SAR and the motivation to develop an algorithm to
derive sea state from TS-X/TD-X SAR data. The objectives of this thesis are described after.
The outline of the thesis is given and a summary of the PhD is given as last.

Chapter 2 provides the basic theory on ocean waves. Chapter 3 includes the
fundamental information regarding radar and SAR. The state of the art of ocean waves imaging
by SAR, the description of the most important algorithms regarding sea state developed for C-
band SAR data are given in Chapter 4. In Chapter 5 the different types of data used for this
thesis are described. An introduction of the visualization of the ocean by the TS-X/TD-X is
given in Chapter 6. TS-X/TD-X imagery acquired over the ocean, including different ocean
phenomena are presented and shortly described.

In Chapter 7 the ocean wave analysis methods used prior to and necessary for the
development of algorithms are described and applied. These include Fourier analysis, SAR
data quality test and determination and analysis of the azimuth cut-off wavelength, which is the
minimum detectable ocean wavelength in azimuth direction (satellite path) by the SAR. In

Chapter 8, the new empirical algorithm (named XWAVE) developed which is the main



objective of this thesis is described. The validation results of the performance assessment with
in-situ deep water buoy ocean wave measurements are discussed.

Chapter 9 presents case studies of TS-X/TD-X collocated data images with deep in-situ
wave measurements. Sea state integrated parameters and 1D spectrum derived from SAR data
are compared to in-situ measurements. Chapter 10 presents case studies where the developed
algorithm is applied on TS-X/TD-X coastal imagery. The sea state variability on the spatial
domain on SAR data acquired in coastal areas is analyzed and its performance is described.
The contents of Chapter 10 are based on the results published in [Bruck et al., 2013]. The final

conclusions of this thesis are in the last chapter, Chapter 12.

1.4 Summary of the thesis.

The main objective of this PhD thesis, as referred previously, is to develop an algorithm to
provide sea state information and perform ocean wave analysis. For this purpose TS-X/TD-X
data is acquired over in-situ wave measurements buoys. The TS-X/TD-X data acquired was
analyzed and a relationship between parameters derived from the SAR data and the sea state
information provided by the buoys was pursuit.

The first step consisted, in developing a method to discard TS-X/TD-X data which are
contaminated by artefacts unrelated to wind generated ocean waves, as internal waves, algae
blooms, oil spills, man-made structures, etc. After that, using data which passed the previously
referred criterion, the spectrum from TS-X/TD-X data was derived and analyzed. An
assessment of the quality of the spectrum derived parameters, wave peak wavelength and peak
direction was pursuit. This task was accomplished by comparing the derived results with in-
situ wave measurements. The next step for the quality assessment is the determination of the
minimum observable ocean wavelength (azimuth cut-off wavelength) which is associated to the
azimuth cut-off effect influence on the 2D spectrum. The cut-off effect is related to the
distortion present on SAR data acquired over moving field of targets, like the ocean. The cut-
off effect changes the 2D spectrum shape according to the underlying meteo-marine conditions.
An analysis of this effect on TS-X/TD-X data is performed. The parameter associated with the
strength of the effect, the azimuth cut-off wavelength is derived from the TS-X/TD-X data and
an analysis of its correlation with the underlying meteo-marine conditions was performed.

After the first ocean wave analysis steps described here, further ocean wave analysis is
performed. Several parameters were derived from the TS-X/TD-X data with the objective of
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searching correlations of the parameters retrieved from the data and the meteo-marine
conditions (wind and ocean waves) of the sea surface where the TS-X/TD-X data is acquired.
The goal was to combine the parameters into an algorithm to provide estimation of significant
wave height from the TS-X/TD-X data. The collocated TS-X/TD-X data with the buoy is
processed, and several parameters are extracted.

The parameters found suitable for the model are the integrated wavenumber spectrum
energy parameter E, which is obtained by integrating the spectrum derived by Fourier analysis
of the TS-X/TD-X data. The sea surface wind speed U, ,, derived from the TS-X/TD-X data by
an algorithm named XMOD [Ren et al., 2012], the incidence angle 6;, the ocean wave peak
propagation direction in relation to satellite heading a, and the azimuth cut-off wavelength.
The algorithm developed is applied to TS-X/TD-X data which is acquired globally over the
ocean to retrieve sea state information. It was tuned and validated using deep water in-situ
wave measurements. Comparisons are performed, analyzed and discussed.

As the TS-X/TD-X imagery has higher resolution than was previously possible with
conventional SAR satellites, the performance assessment of an algorithm to derive sea state
and its capability to measure spatial sea sate variability is of great expectation and importance.
If successful, sea state information derived from TS-X/TD-X coastal imagery gives valuable
information about the variability of sea state proprieties in coastal areas. Therefore the last
studies included in this thesis are the analysis of wave fields derived from TS-X/TD-X imagery
acquired in coastal areas. These results are analyzed and verified with in-situ wave
measurements or data from numerical wave model designed for coastal applications. TS-
X/TD-X derived coastal wave fields can be used to verify coastal wave models results and/or
vice versa in order to optimize both methods. The combination of both methods proved to be a
powerful tool to analyze coastal waters and to study the sea state variability. The results are
obtained by a software toolbox programmed for the aim of this PhD thesis which is designed to

read all types of TS-X/TD-X products and to derive sea state parameters from the data.



Chapter 2

Ocean Waves

This chapter provides an overview of the theory of ocean waves and sea state. First the linear
ocean wave theory is described. Then focus is given to wind generated ocean waves, which are
of special interest for the work presented in this thesis. After that, a short introduction
regarding sea state and analysis of ocean waves in the frequency and spatial domains is given.
The data used here is from wave measurements devices, buoys that measure in the time
(frequency) domain and in the spatial domain, TS-X/TD-X and from marine radar data.

2.1. Linear theory

The most simple sinusoidal wave can be defined by H (distance from the bottom to the top),

period T (time between two consecutive wave crests or bottoms) and length A (figure 2.1).
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Figure 2.1: Representation of a linear ocean wave propagating with speed c, wavelength A, amplitude a
and modulating the sea surface 7 at height h.

The wave amplitude a is related to H by:

a=—. (2.1)



The frequency f is the inverse of the wave period:

1

f= 2.2
= (2.2)
The wavenumber k is defined by:
2
k=22 2.3
p (2.3)
and the angular frequency w is defined by:
2
-, 2.4
0= (2.4)

The ocean waves phase speed c is related with the period T and wavelength A or wavenumber k
by:

@
= (2.5)

Gravity waves angular frequency w is related with the k through the dispersion relationship e.g.
[Goda, 1985] :

o’ = gk tanhkh. (2.6)

Where g is gravity acceleration and h is the water depth. The phase speed is given by:
c?= %tanh(kh) . 2.7)

For deep water the function tanh(kh) with depth h —» oo leads tanh(kh) — 1, the relationships

can be simplified to:

o’ =gk. (2.8)



And the phase speed c can be calculated by:

g (2.9)

o
[
I

2.2 Wind generated sea surface ocean waves

In the ocean, different types of propagating waves exist: wind waves, internal waves, tide
waves, tsunamis, etc. (figure .2.2). These waves have different generation mechanisms; wind,
bathymetry, sun-moon gravity and earthquakes. Wind generated ocean waves are as the name
suggests generated by wind. When dominated by gravity (period above Y4 s), they are called
surface gravity waves. These are the most common ocean waves and they are related to marine
climate or sea state. The work presented in this thesis focuses on surface gravity ocean waves.

arbitrary energy scale
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Figure 2.2: Frequency and period of the vertical motions of the ocean surface (after Munk., 1950).

The growth rate of these ocean waves’ is related to wind stress on the sea surface proportional
to wind speed, duration of the wind blowing over the sea surface and the length of the sea
surface area swept by the wind, commonly known in oceanography by fetch length.

The wind ocean waves generated by the friction of the wind on the sea surface; the
tension of the wind on the surface creates at first capillary waves, which are very short

wavelength waves with only a few millimeters wavelength. As the wind continues to blow over
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the sea surface, energy is transferred to the ocean waves through the tension created between
the air (by wind) and the sea surface, and the wavelength of capillary waves increases. This
type of ocean waves, which now have wavelengths in the order of centimeters to a few meters
are called wind sea waves, because they are generated by the local wind. At some point the
ocean waves have collected all the energy they can collect from the wind. They are considered
fully developed. The wavelength of those ocean waves is usually in the order of meters, usually
in the order of hundreds meters and they are called swell waves. The ocean wave’s speed is
high enough to escape the local wind field and they propagate outside the generation area.
Swell waves can propagate over several hundred or thousands of kilometers and even circle the
earth. As H, and wave period are related to the wind speed, wind duration and fetch distance, it

is possible to estimate roughly the peak period and wave height of ocean waves as a function of
those parameters (figure 2.3).
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Figure 2.3: Diagram showing the predicted significant wave height related to the wind speed duration of

the wind speed and the fetch distance (adapted from Van Dorn, W.G, Oceanography and Seamanship,
1974).

The ocean sea surface n(t), is composed of waves propagating with different frequencies f

(or wavelength in the spatial domain) and wave directions & (figure 2.4). At time t, the sea
surface can be defined mathematically by the sum of harmonic waves each one with different

amplitude a, frequency f and phase ph, as follows:
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n(t) = XL, a;cos(2mf; + ph;) (2.10)

The ocean wave information represented in figure 2.4 and defined by (formula 2.10) is usually

described by the wave spectrum which is defined in the time domain by S(f,8) or in the

2m__ 2w

spatial domain by S(k,8) or S(k,, k) (figure 2.5). Where k = - = is the wavenumber

/k§+k§

ky - . .
and 9 = tank—" is the wave direction.
y

Figure 2.4: The sea surface n(t), is composed of a large sum of wave components which propagate at
different periods, directions, amplitudes and phases (after [Pierson et al., 1955], in Holthuijsen, L.H.,
Waves in Oceanic and Coastal Waters, 2007).
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Figure 2.5: Two dimensional wave number spectrum.
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Figure 2.6: Representation of the one dimensional (1D) wave spectrum. It corresponds to the
distribution of the energy density of ocean waves with frequency.

The wave spectrum S(f, 8) or S(4, 8) gives the distribution of the energy density of the ocean
waves for each frequency/wavelength and direction. The directional spectrum can be

condensed into the one dimensional (1D) frequency spectrum S(f)as shown in (figure 2.6). It

is related to the directional spectrum S(f, 8) through the formula:

S(f)zTS(f,e)da. (2.11)

As the frequency spectrum is obtained by (formula 2.11) in the spatial domain the ocean waves
are related with the wave number which is related with the wavelength, the wavenumber

spectrum as follows:
2z
S(k) = IS(k,H)dH . (2.12)
0

As stated previously the ocean waves propagating in the ocean surface are generated by the
wind. They are called wind generated wind waves, as referred previously.

Usually the information contained in the directional spectrum S(f,&) or frequency
spectrum S(f) is summarized into parameters which describe the sea state in the form of

parameters such as height, period, and direction in the case of S(f,6).
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These parameters are in their majority obtained from the spectral moments m, of order n,

defined by:
m, =jf“3(f)df . (2.13)
0

The significant wave height H, which can be defined as the average wave height of the third

highest waves, more precisely defined as the mean of the highest one-third of waves in the

wave record. It can be calculated from the wave spectrum and is then noted as H,,, .It is

calculated by H,_, =4m,"?. Significant wave height is also approximately four times the

square root of the variance of the surface elevation n(t), H, 40 Hs;~ 40, , where o, is the

standard deviation.

2.3 Conversion from time to spatial domain wave analysis

Wave analysis can be performed in the spatial domain or in the time domain. For the case of
the sea surface measurement device buoys the analysis is performed in the time domain. The
average time of these buoy measurements is between 20 min and 40 min. The frequency

spectrum can be derived from the wave number spectrum by:

E(f)= E(k){clJ' (2.14)

g

Where Cj, is the group speed which for deep water is half of the phase speed c, where ¢ = Z%T
and T is the period which is the inverse of the frequency, T = ch

The angular frequencies are obtained through the dispersion relationship:

»® = gk tanhkh. (2.15)
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For deep water it can be simplified to:
1
f=—.,0k. (2.16)
T

Taking as example the case of a single ocean wave with wavelength of 100 m, corresponding
to a period of 8 s using the deep water relationship, the phase speed is 12.5 m/s. This means

that a single wave takes about 6.1 minutes to travel about 4.6 km.
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Chapter 3

Radar remote sensing

In this chapter an introduction to radar remote sensing is given. Initially, basic principles of
radar and radar imaging theory are introduced. After that, a more advanced form of radar
system called the Synthetic Aperture Radar (SAR) is described. The SAR is the remote sensing

sensor used to image the sea surface, in the work presented in this thesis.

3.1 Real Aperture Radar (RAR)

The radar (RAdio Detection and Ranging) is a remote sensing method which basically
measures the distance to an object. The radar system uses as the name suggests radio waves
which are electromagnetic waves with wavelengths between about 0.75 cm and 30 cm. The
radio waves are a class, of electromagnetic waves, with different sub-classes according to their
wavelengths. Their place in the full electromagnetic spectrum can be visualized in figure 3.1.
The most basic radar system is defined as the Real Aperture Radar (RAR). The term “aperture”
means for common photo cameras, the opening which is used to receive the light from outside

to enable the photo camera device to produce an image photograph.

Electromagnetic Spectrum

Radar Bands

L-Band: 15-30 cm
radio S-Band: 8-15cm
Waves C-Band: 4-6 cm
w-Band: 2.5-4cm
kK-Band: 1.7-2.5,
73-1.2cm

Microwaves
106 1 mm

Infrared
Radiation

visible Light
/(400 - 700 nm}
Ultraviolet
Radiation

‘wavelength (nm)
=
ey
|

X-Rays

Gamma
Rays

i
. —,

-6
10 L

Figure 3.1: The electromagnetic spectrum (in ASAR Product Handbook, 2007 © ESA).
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In the RAR system, the “aperture” or “opening” is the antenna, which is used to receive the
backscattered radio pulse, sent previously by the antenna. The basic radar concept consists in
sending a single radio pulse by an antenna to a target. The distance to the target can be
calculated by measuring the time it takes the radio pulse to return back to the antenna.
Electromagnetic waves have polarization properties, which means therefore the radar signal
can be transmitted and received in any polarization For both transmit and receive can be
vertical (VV) or horizontal (HH).

Present days, RAR systems follow this principle, but are more complex. They can
provide information of several large number of targets in a single measurement. By sweeping
with radio waves (illuminating) an certain area size, which contains a large number of targets
and knowing the time duration of each radio pulse sent and returned for each target, it is
possible to know the distance and position of each target, and from this information derive an
artificial image of the targets (radar image) of the area imaged by the RAR. Additional
information is contained in the radio wave signal strength reflected back to the antenna. For the
case that the radio signal transmitter antenna and the receiver antenna are the same location the

power returning to the antenna can be given by the equation:

4
P. = %. (3.1)
Where P, is the transmitted power (watts). G, is the gain of the transmitted antenna
(dimensionless). A, is the effective aperture (area) of the receiving antenna. o is the radar cross
section. F is the pattern propagation factor. R is the distance from the transmitter to the target.
The radar cross section . o is the measure of the ability of the target to reflect radar signals.
Because it depends on the area of the target, it is usually normalized by the area. The

normalized radar cross section (or sigma naught) a, is defined by
0y = 1ozog10(§). (3.2)

Where o is the energy backscattered and A is the area illuminated by the radar pulse.
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3.1.1 Spatial resolution

The spatial resolution of the radar image is mainly determined by the antenna length and radio
wave wavelength used. For any given wavelength, the bigger the antenna, the higher the
resolution. Other factors that contribute to the spatial resolution are the pulse length and the
antenna beam width. The beam width of the antenna is the radiation pattern present in the
antenna. Similar to a flashlight, it can beam the light with different widths or patterns. Some
flashlights have a more focused beam of light; others have a wider beam of light. The same
applies to the radar antenna; the radar beam can have different widths or patterns. The range
resolution is dependent of the fact that two distinct targets which are close together, their
reflected signal is received separately by the antenna. An overlap of the two signals will cause
the targets to appear blurred in the image. The azimuth resolution is affected by the beam width.
The beam width is directly proportional to the wavelength of the pulse and inversely
proportional to the length of the antenna. Antenna beam width can be adjusted by the length of
the antenna or synthetizing the length of the antenna (next section).

3.2 Synthetic Aperture Radar (SAR)

SAR is a coherent microwave active method which enables to achieve high resolution for great
distances that normal radar systems cannot achieve. It is usually used on board airplanes or
satellites. Although this method is quite effective for imaging non-moving objects, like houses,
trees, mountains, it does not perform so well for the case of moving objects. Moving objects
will appear in the SAR image shifted and displaced and it will appear blurred in the case of
multiple moving objects.

As ocean waves are a field of moving objects, the waves tend not to be correctly
imaged, they will tend to appear blurred (multiple shifts and displacement of the imaged water
particles) on the SAR data image the more complex the marine conditions are (higher waves,
higher wind speed).

The SAR system has different methods to process the range and the azimuth resolution
of a detected target. The method to synthetize the larger antenna is in the azimuth processing of
the data. The Synthetic Aperture radar (SAR) is a method to achieve higher resolution without
the actual need of having a larger antenna. The SAR system is different from a normal radar
system because it synthesis a longer antenna in order to cover a larger area. The method
consists in illuminating a surface during the forward movement of the sensor with successive
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pulses of signal and acquiring the echoes (more precisely the Doppler history) which are then

combined together.

(X4:¥p)

Figure 3.2: Representation of the SAR imaging system. The SAR is moving with velocity V along the x
—axis; azimuth direction, and the sensor is looking into the y-axis; range direction.
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Figure 3.3: Representation of how the SAR system achieves its high resolution coverage by
synthetizing a virtual longer antenna. During the flight of the satellite the echoes of the illuminated area
by the radar are stored, by analysing the Doppler shift (the change in the frequency/wavelength of the
echo is comparison to the original remitted radar pulse, the location of each echo is computed (Figure ©
ESA).

The return echoes signals from the center portion of the beam width are separated by detecting
the Doppler frequency shifts. The Doppler shift is the change in frequency resulting of the
relative velocities of the transmitter and reflector. By processing the return signals according to

their Doppler shifts it is possible to obtain a very narrow beam width (figure 3.2) and (figure
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3.3). In summary the signals are recorded over a large period of time which becomes the length

of the antenna.
3.2.1 Range processing:

The range resolution R,. of a SAR image is given by the bandwidth B of the signal [Cumming
and Wong, 2004].

R, = - (3.3)
Where B is the bandwidth and c;; 45, is the speed of light.
The corresponding ground range resolution g,., which is dependent on the incidence angle 6;,

is given by:

Ir = (3.4)

where R, is the slant range.

3.2.2 Azimuth processing

The azimuth resolution for a RAR is given by the length of the antenna beam Az [ Massonnet
and Souyris, 2008] which depends on the wavelength of the signal 4,- and the antenna length

L,. The 3db width of the antenna beam is given by [Bamler and Schéttler 1993]:
2
The azimuth resolution a,. of the SAR data image is given by:
L
a, = E (3.6)

where L is the length of the antenna.
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Chapter 4
State of the art

In this chapter, the state of the art of SAR ocean observation regarding ocean wind waves is
briefly described. The chapter starts with the description of the theoretical ocean waves
imaging mechanism by SAR and the simple equations related with the imaging geometry of a
simple wave field (single sinusoidal wave). After that, a description of the SAR data and of the
satellites which acquired it is provided. At the end a short description of the most important sea

state algorithm developed for SAR data is given.
4.1 Ocean waves imaging mechanism by SAR

Figure 4.1 shows a simplified representation of the radar imaging mechanism of ocean waves.
The signal backscattered from a single sinusoidal sea surface looking towards the antenna is
strongest; this will appear as a bright trip in the radar image. In sea surface perpendicular to the
radar signal, the signal will not reflect back to the antenna, and this surface will appear black in
the radar image. The retuned backscatter, as seen in figure 4.1, has a variation on sigma naught

(o) which follows to some extent the variation of the height of the ocean waves.

]

i Radar cross section
|
|

Figure 4.1: Simplified view of the sea surface imaging mechanism by SAR. Note that the radar cross
section (sigma naught) a,peak values does not correspond to the sea surface elevation peaks but rather
to the surface perpendicular to the radar signal.

The imaging mechanism is sensitive both to the sigma naught o, values, and also to the

modulation and the sea surface motion associated with ocean waves. The detection of the
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longer waves is only possible because shorter waves modulate the surface of the longer waves,
making it possible to detect them.

The shorter ocean waves are the roughness in the sea surface that allows the signal to be
reflected to the antenna, rather than being reflected away. In a flat surface, radar images appear
as black, because the signal is scattered away from the antenna like a mirror. Even if longer
waves are present there, without roughness created by the wind blowing on the sea surface, the
long ocean waves would be seen merely as white stripes in a black background as the signal
would only be reflected back where the ocean wave surface is exactly perpendicular to the
antenna.

In the imaging mechanism of ocean waves three modulation processes are present: tilt,
hydrodynamic and orbital. The RAR modulation dominates the imaging of ocean waves with
longer wavelengths (swell) traveling in the range direction (perpendicular to satellite flight

direction). This process can be assumed as a linear process [Hasselamnn and Hasselmann.,

1991]. The modulation of the sea surface (’Cz_ﬂ can be given by:

0o

(x,t)—<0,

o> Z = 2(X, TRS exp[kx — wt]). (4.1)

Where S is the spectrum of the sea surface. k is the wavenumber and w is the angular
frequency. TF is the so called transfer function, which is expressed by the sum of the three

surface modulations functions, i.e: tilt, hydrodynamic and orbital [Schmidt, 1995] :
T[I{? — Tlgilt 4+ Tlill'dro + T}:‘b (42)

Where the tilt modulation is defined as:

cotl

U = —4ik, ———.
K Y 1+sin26

(4.3)

Where k,, is the looking direction of the SAR system (the right looking direction is negative).

6; is the incidence angle. The hydrodynamic modulation is defined as:

hidro _ kf'(“’_i”)
T = 4505 oy (4.4)
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u is the hydrodynamic relaxation rate equal to 0.5 s [Hasselmann and Hasselmann., 1991].

The orbital wave’s modulation is defined as:

cosf
Y sin’

TrP=—ik (4.5)

4.2 Historical SAR data

Almost all research studies on ocean wave applications on SAR data were done using mainly
C-band SAR data from the European satellite missions ENVISAT and ERS-1/2 data. Even
though they are not used in the frame of this work, a description of the data is given for
historical reasons and to explain the difference in the data characteristics used in all previous

studies and the data used in the current research study.

4.2.1 ERS-1/2

The ERS-1 and ERS-2 missions were two European satellites launched to the same orbit, polar,
sun-synchronous, 785 km, in 1991 and 1995 respectively. They were equipped with different
sensors, including a SAR. For ocean observation regarding the extraction of sea state
parameters these satellites had a special mode called “wave mode”. The wave mode data covers
an area of 5 x 10 km. In this mode the data was acquired automatically every 100 km along the
satellite track at the same incidence angle (~23°), which is considered optimal for ocean
observation. This provided a huge global data set of SAR data acquired over the ocean in the
order of over a million per year. The pixel resolution of the wave mode SAR data is 20 x 20 m.
Detailed information regarding the ERS-1 and ERS-2 satellite missions can be found in

https://earth.esa.int/web/quest/missions/esa-operational-eo-missions/ers .

4.2.2 ENVISAT

The ENVISAT satellite was the follow-up mission for the ERS-1 and ERS-2 satellites. It was
launched in the 1% of March, 2002 and the mission ended in April 2012. It was the first satellite
mission to provide global measurements on the atmosphere, ocean, land and ice. The satellite
had a sun-synchronous orbit at 800 km height with an inclination of 98.5°. The satellite was
equipped with 10 instruments and is the heaviest civilian satellite to date, with 8 tons. One of

the instruments was the ASAR sensor (Advanced Synesthetic Aperture Radar). This satellite
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had the “wave mode” with the same characteristics as the ERS mission did. Ongoing research
on ocean waves and wind using C-band “wave mode” SAR data, continued with ENVISAT
“wave mode” data. Algorithms to obtain sea state information were developed using this data

and are described in the next section.

4.3 Ocean wave analysis algorithms for C-band SAR data

In this section the different algorithms developed for ocean wave analysis for C-band SAR data
are described. The first algorithm described (MP1) it the basis of the following algorithms. It is
based on the linear and nonlinear approximation model to describe the sea surface imaged by
SAR. As the model is based on approximation of an ideal sea surface, it could only describe
longer ocean waves, such as swell waves, excluding wind sea waves. Therefore it was unable to
predict the total significant wave height of ocean waves.

The second model described here is the cross-spectral algorithm which can be seen as
an extension of the previous one, including the possibility to derive the ocean wave’s
propagation direction. The third algorithm, PARSA, is an extension of the previous algorithm,
and focuses on the correction of the 2D spectrum derived from SAR data by using wave
numerical model data to improve it. The last algorithms described were the first empirically
based algorithms CWAVE and CWAVE_ENV, whose purpose was to derive not only swell
height but significant wave height using only SAR data as input.

4.3.1 MPI scheme (Sea surface description)

The MPI linear and nonlinear scheme is an inversion algorithm based on theoretical
assumptions of the sea surface geometry of the ocean waves related to the SAR signal. This
algorithm intends to simulate the wave spectrum from the SAR data. An linear approximation
of the ocean wave imaging mechanism by the SAR system was introduced by [Hasselmann and

Hasselmann., 1991]. It is defined as follows:

@82 ~ 0.5 exp[—k2B2p*(0)](ITS |2exp(iwAt) Fy + TS |2exp(—iwAt)F_y). (4.6)
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The SAR transfer function is defined by:
T = TR + iz ky T} 4.7)

Where TE is defined in (formula 4.2) and T# = —w (l%sinei +icos€i), being 6; the

incidence angle, k the wave number, w the angular frequency. This algorithm is a geometry
imaging of an “ideal* sea surface, which better describes long ocean waves as swell waves. It is
unable to describe wind sea waves, and as a result the total significant wave height cannot be
obtained.

4.3.2 SAR cross-spectral algorithm

The SAR cross-spectra algorithm [Engen et al., 1995] takes into account the theoretical ocean
waves imaging mechanism. It can be seen as an extension of the previously described algorithm.
It was developed to take advantage of a particular type of SAR data (complex data), where not
only the amplitude ( or sigma naught) but also the phase of signal is available, making it
possible to extract two sub-scenes for the same imaged location by the SAR, separated by very
short time differences between them (~ 0.33 s). Standard SAR data is a static image, which
means that the 2D spectrum derived from standard SAR data has a 180° ambiguity regarding
the ocean wave propagation direction. From “complex SAR data” a cross-spectrum from the
two sub-images can be derived making it possible to obtain the ocean waves propagation

direction.
4.3.3 PARSA (Partioning Rescaling and Shift algorithm)

PARSA [Schulz-Stellenfleth et al., 2005] focuses on the optimization of the retrieval of the 2-D
cross-spectrum. It is an extension of the cross-spectral algorithm described before. PARSA uses
the 2D spectrum and wind data from the numerical wave model to reshape the 2D spectrum
derived from SAR data in order to obtain a 2D spectrum which approximates a real wave
spectrum. A Levenberg-Marquardt method is used to find a numerical solution to retrieve a
minimization of the cost function. By using the combined information of the SAR and the
numerical model the algorithm tries to reshape the derived spectrum into a more reliable and

approximate to the real wave spectrum.
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4.3.4 CWAVE and CWAVE_ENV

The CWAVE [Schultz-Stellenfleth et al., 2007] is an empirical algorithm whose purpose is to
derive integrated sea state parameters from C-band SAR data e.g. Hg, and ocean wave periods.
The algorithm is tuned with ERS-1/2 data and can estimate the integral sea state parameters
without the need to derive the 2D spectrum as an intermediate step. It is based on a quadratic
function with 22 input parameters. The parameters include the radar cross section g, ,the sea
surface modulation, and 20 spectral parameters computed from the SAR spectrum using a set of
orthonormal functions. It uses a step wise regression method. It is tuned using 12,000 globally
distributed ERS-2 wave mode image spectra together with collocated ECMWEF (European
center Medium Weather Forecast) and the WAM wave model ocean wave spectra. The
derivation of the model is based on the least squares minimization procedure. The algorithm is

defined as
W=ao+X¥ ;0 + XL, ¥ a;,;0,Q; (4.8)

where the parameter W is a sum of linear fittings of parameters Q. The factors Q can be
however nonlinear functions of other variables.

The validation of this algorithm, against H, of 6000 collocated WAM model data points,
gives an RMS of 0.44 m and a correlation R of 0.92 and when validated with in-situ wave
measurements (21 data -pairs ) it achieved a performance with an RMS of 0.39 m and a
correlation R of 0.95 [Schulz-Stellenfleth et al., 2007]. The CWAVE algorithm was tuned and
validated for sea conditions with H below 6 m.

The CWAVE_ENV [Li et al., 2011] is based on the CWAVE algorithm but tuned using
ENVISAT SAR data, instead of ERS SAR data, resulting in a different set of coefficients.
Furthermore, unlike the CWAVE algorithm, CWAVE_ENV is tuned and validated for a higher
range of wave conditions including those were H, is above 6 m.

The performance of this algorithm for the estimation of H; compared to 55884 ECMWF
wave model data points achieved a correlation R of 0.93, RMS of 0.43 m and a Scatter index S;
of 0.16.
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Chapter 5
Data

This chapter describes the different types of data analyzed in this work. Fist a description of the
ocean wave measurements devices, commonly named as buoys, and the data obtained by them
are described. Second the TS-X/TD-X satellites and the data acquired by them and basic
calibrations steps are described. At the end a description of the numerical wave model data is

provided.

5.1 In-situ buoy wave measurements

Figure 5. 1 Ocean waves (sea surface elevation) measurements devices commonly known as buoys 6
meter NOMAD aluminium hulled boat shaped buoy (left). 3-meter aluminium hulled discus buoy
(center). Data well Directional Waverider buoy (left).

Data from in-situ wave measurements, commonly known as buoys, is provided by the National
Oceanic and Atmospheric Administration (NOAA) at the National Data Buoy Center
www.ndbc.noaa.gov/, the Environment Canada http://www.ec.gc.ca/, the Scripps Institution of

Oceanography through the Coastal Data Information Program (CDIP) http://cdip.ucsd.edu/. Sea

state information is also provided by the North West European Shelf Operational

Oceanographic System (NOQOS) http://www.noos.cc. The NOOS buoy network covers the

North European waters. Ocean wave data obtained from this source is presented as integrated
sea state parameters; significant wave height, peak period and direction. The NOAA, the
Environment Canada and the Scripps Institution of Oceanography all combined count with over
300 wave measurement devices (figure 5.1) providing free quality in-situ data for a large ocean
area. The buoy network spreads over the entire west and east coast of the North American

continent (USA and Canada) and also the Hawaii Archipelago situated in the middle of the

26


http://www.ndbc.noaa.gov/
http://www.ec.gc.ca/
http://cdip.ucsd.edu/
http://www.noos.cc/index.php?id=147

Pacific Ocean. The wave data from this data sources is provided in the form of wave spectra.
The wave spectra are 1D energy density spectra which provide the energy density distribution
of the ocean waves for each frequency (figure 5.2).

The minimum and maximum ocean wave frequency which can be measured depends on
the type of wave measurement device. According to official information available at

http://www.ndbc.noaa.gov/rsa.shtml, for example, the 3-meter discuss buoy with an ARES

payload, (payload refers to specific on-board wave analysis software), (figure 5.1 center) is able
to measure wave height from 0 to 35 m with an accuracy of 0.2 m, wave periods from 0 to 30 s
with an accuracy of 1s and with a spectrum resolution of 0.01. The measured wave spectrum
has usually a minimum frequency f;,,;,= 0.02 H, and a maximum frequency of f,,,, = 0.4850
H, , with a frequency resolution of 0.005 H, at low frequencies, and up to 0.02 H, in the high
frequencies. Furthermore some buoys have the capacity to measure the wave field propagation
direction like the Datawell directional buoys (figure 5.1 right). The buoy information is given
each hour or each 30 minutes. Additionally most of the buoys used for our study are equipped
with anemometers to measure wind speed and direction. This information is given each 10
minutes. More details regarding processing buoy data can be found in [Steele, K.E. and T.R.
Mettlach, 1993], [Steele, K.E. et al., 1992], [Steele, K.E., 1998] and in [Brown et al., 1996].

0 0.1 02 03 0.4 0.5
frequency (Hz)

Figure 5.2: Visualization of standard 1D wave spectra provided by ocean wave measurement buoys .In
this case the energy density is located in the lower frequencies, which corresponds to long wavelength
waves, probably swell conditions. Significant wave height calculated from the spectrum is for this case
3.1 m and a wave peak period of 12.9 s.
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5.2 TS-X/D-X SAR

The SAR data used in this study is acquired by the German Earth observation satellite
TerraSAR-X (TS-X) and the Tandem-X(TD-X) satellite (figure 5.3). The TS-X satellite was
launched in June 2007 and has been operational since January 2008. Its twin satellite TD-X was
launched in 2010. The TS-X and TD-X satellites have a sun synchronous orbit with an
inclination of 97.4° to the equator with altitude of sensibly 514 km. The TS-X and TD-X are
equipped with an active phased X-band SAR antenna with a nominal frequency of 9.65 GHZ
which corresponds to 3.1 cm wavelength. The TS-X/TD-X satellites acquire high resolution
SAR images over land and ocean globally. The TS-X/TD-X are designed to work for at least 5

years, but they will probably last a few years longer.

B e

Figure 5.3: The TerraSAR-X and his twin Tandem-X satellite.

The sun synchronous dusk—dawn orbit allows the satellite to move along the day night
boundary presenting always the same side of the satellite to the sun which ensures the optimal
configuration for providing sun light for the solar cells of the TS-X satellite. A summary of the

main characteristics of the TS-X satellite are shown in Table 5.1.

Table 5.1: General specifications of the TS-X satellite

Height: 4,88 Meters

Width: 2,4 Meters

Weight: 1.230 Kilograms

frequency: 9,65 Gigahertz

Power consumption: 800 Watt ~

Resolution of the data: 1 Meter, 3 Meters, 16 Meters (depending on the image mode)
Start: 15. June 2007

Launch site: Baikonur, Kazakhstan

Altitude: 514 Kilometers

Inclination with equator: 97,4 ° (Sun-synchronous)
Lifespan: Minimum 5 years
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The TS-X/TD-X scans the earth surface currently in four different modes, each one with a
different scan area and resolution.

The current modes available for the TS-X/TD-X mission are the ScanSAR, StripMap,
SpotLight and High-resolution SpotLight mode. The high resolution SpotLight mode has the
highest resolution, up to 1m, but smallest coverage area of only 5 km by 10 km. The SpotLight
mode has a pixel resolution up to 2 m and area coverage of about 10 km by 10 km. The
StripMap mode covers an area of 30 km by 40 km with a resolution of about 2.5 m, offering the
imaging mode with the best balance of spatial resolution and coverage area. The fourth mode is
ScanSAR which covers an area of 100 by 100 km, with a resolution up to 18 m. A fifth mode is
currently being planned, wide ScanSAR, which covers an area of about 400 km by 400 km with
18 m resolution. A summary of the TS-X/TD-X different imaging modes characteristics is
given in Table 5.2. A representation of the TS-X/TD-X imaging modes on the earth surface is

shown in figure 5.4.

Table 5.2: Overview of TS-X acquisition standard modes products

Product ScanSAR StripMap SpotLight HrSpotLight
Area 100 kmx150km 30 km x50km 10 kmx10km 5 kmx10 km
Incidence angle 20°-45° 20°-45° 20°-55° 20°-55°
Pixel spacing 8.25m 1.25m 0.75m 0.75m
AZ|mth 16m 3m 2m Im
Resolution
Range Resolution 1.7m-3.5m 1.7-35m 1.5m-35m 1.5m-35m
Polarization VV or HH or V'V or HH or dual VV or HH or VV or HH or
dual dual dual

TerraSAR-X Acquisition Modes

Figure 5.4: Representation of the different modes imaged by the TS-X/TD-X ©DLR.
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For the different imaging modes there are still several sub-characteristics as the polarization.
The polarization option can be single VV or HH or VH. Furthermore to cover larger areas or
different locations, the different modes are acquired at different incidence angles. This changes
some characteristics in the imaging of the underlying surface, of which the ocean sea surface is
no exception.

The TS-X/TD-X SAR data is different in some aspects in relation to the SAR data
provided by the European satellites ENVISAT and ERS missions. The first difference is of
course the radar frequency, which is the X-band radar domain, being of shorter wavelength
then the C-band. This allows to measure finer scale processes. The spatial resolution of the TS-
X/TD-X data compared to previous SAR missions is much higher, e.g. for the case of TS-
X/TD-X StripMap product resolution is about 3 m, which is a great improvement when
compared to the resolution of C-band ENVISAT SAR “imagettes” product, which the highest
resolution product available is only about 20 m.

Another difference not related to the data, but to the operation method is; the ENVISAT
and ERS data (wave mode), which was taken automatically by the satellite, with a predefined
distance of 100km within each acquisition. The locations to be imaged by the TS-X/TD-X
satellite are selected previously by the user. The TS-X/TD-X data used for the present study are
the standard Multi-Look Ground Range Detected (MGD) product, which means only the
intensity/amplitude is given not the phase as in complex SAR products. Figure 5.5 shows an
quick look of a MGD product, in this case acquired by the StripMap mode V'V polarization.

The MGD product is delivered as an Geotiff image which is a matrix of pixels with
values that can be transformed into values of the signal intensity o,, which is the radar
backscatter from the earth surface sent by the SAR antenna. The signal strength which is
returned back to the antennas depends on the surface proprieties, mostly on the surface
roughness and also electric dielectric proprieties. Over the ocean, if the sea surface is flat the
impulse signal tends to be reflected away and therefore less signal power will return to the
antenna and the image will appear black. In a non-flat sea surface with the presence of ocean
waves and wind blowing, the sea surface roughness will increase. In this case the radar signal is
not scatter away from the antenna, but instead is reflected back to the antenna. The sea surface
where roughness is higher will appear bright. This means that is necessary that wind blows over

the sea surface (usually over about 3 m/s) in order for the data to be useful for analysis.
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Figure 5.5: TS-X VV polarized StripMap acquired on February 26, 2013 at 19:48 UTC over the Dixon
Entrance, west coast of Canada.

5.2.1 Calibration

TS-X/TD-X data have to be ordered in advance and are first calibrated by the following steps.

Each value of the matrix of the SAR data needs to be transformed according to:
0o=1-2- ks-sin(;). (5.1)

With | being the pixel digital number, ks is the calibration factor (different for every acquisition
and given in the product) and 6; the incidence angle. For the wind algorithm the normalized
radar cross section NRCS (o,) is used. NRCS (sigma nought) is given in dB values and

calculated as follows:

o, =10-log(s, ). (5.2)

The values of g, on the TS-X/TD-X MGD SAR data are visualized as a matrix of grey values.
An example of the TS-X VV polarized StripMap MGD data product is presented in figure 5.5.
Further information regarding TS-X/TD-X data can be found in [Breit et al., 2010] and on

http://sss.terrasar-x.dlr.de/.
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5.3 Numerical wave model data

5.3.1 Wave model DWD data

The wave model data provided by the DWD (German Weather Center) is obtained from the
application of the third-generation Wave Prediction Model (WAM) model cycle 4 [Glnther et
al., 1992]. The model was developed by the WAMDI group between 1984 -1994. Third
generations models integrate the dynamical equations that describe the evolution of the wave
field. Earlier versions of this model neglected nonlinear wave-wave interactions (first
generation) or were described in a parametric form (second generation). The model is
computed for the global ocean surface with a horizontal resolution of 0.75° and the model data

output for all parameters is given every 3 hours. The scatter index for the model is about 20%

with a bias of 0.1 m for the prediction of H, [Komen et al., 1994]. The wave model is defined

by the transport equation as follows:
dF | @ /. d /s ? .4
7 T35 (9F) + - (AF) + 5 (6F) =5 (5.3)

Where F represents the spectral density, 6 is the direction, @ the latitude and A the longitude.

The terms @, A, 6 are the variation of the position and wave propagation direction on the circle.

The net source term S is composed by the sum of the source terms, defined as follows:
S =8in+Su+Sas (5.4)

Where the term S;,, is the wind energy input term, S, is the white capping dissipation [Komen
et al.,1994] and S,;; is the nonlinear energy transfer. The non-linear energy transfer is caused by
four resonantly interacting waves which obey to the resonance conditions for the angular
frequency and the wave number. The approach used in the model to describe the term S,,; is the
one followed by [Hasselmann et al., 1985]. An example of wave model data output, provided
from the DWD, for a section of the North Sea on the November 21, 2008 is given in figure 5.6.
It presents a wave field propagating south, with visible decrease of values of significant wave
height from about 5m in the west, to very low values in the east grid points of the area shown.
For our purposes, only integrated sea state parameters are used. Those are significant wave

height H,, swell wave height, wind sea height and the corresponding peak period and direction.
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The wave direction corresponds to the direction where the waves come from. The wind fields
(speed and direction) values used as input in the numerical wave model are also provided.
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Figure 5.6: H, field (left) and the Swell wave height field (right) given by the DWD wave model on
November 21, 2008 at 17:01 UTC.

5.3.2 K-model data (coastal wave model)

The K-model is a discrete spectral wave prediction model for coastal areas developed at the
former GKSS, now the Helmholtz-Zentrum Geesthacht. It is a third generation non-stationary
spectral surface wave prediction model based on the action balance equation in k-space. The
wave model includes a nonlinear white capping dissipation term. It was developed especially
for small scale shallow waters areas e.g. German Bight, with non-stationary currents and water
depths. The wave model uses as input a fine resolution bathymetry of the area to be analyzed
and wave spectra information at the boundaries of the area in question. Additionally, wind
fields, water currents and water level fields can also be used as input.

Further information about the numerical wave model k-model can be found in

[Schneggenburger., 1998] and [Schneggenburger et al., 2000].
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Chapter 6
TS-X/TD-X Sea Surface observation

The aim of this Chapter is to introduce the data acquired over the ocean and to present image
signatures of oceanographic phenomena on TS-X/TD-X data. The visual inspection and
analysis of SAR data is an important step for ocean waves SAR analysis. Initially the sea
surface acquisition by the different TS-X/TD-X modes, taken in different sea state conditions is
presented. Then a description of several oceanographic phenomena signatures observed on TS-
X/TD-X data, like internal waves, algae bloom, is provided.

6.1 TS-X/TD-X data acquired over the ocean

Wave fields imaged in TD-X/TS-X data give the impression that we are viewing a real ocean
wave field. However one must keep in mind, that this is not the case. The radar data image is a
representation of the imaged wave field. The variation of the radar signal in the image does not
correspond to the real signal variation (Chapter 4). The sea surface imaged by the SAR radar is
distorted because the SAR imaging method has limitations in case of moving targets, such as
the ocean waves. The first step for ocean wave analysis of the SAR data is the visualization of
signatures present in the data. Our own eyes are the first algorithm to infer information
regarding ocean waves, such as ocean wave direction, wavelength, and even approximate wave
height.
As discussed in Chapter 5, TS-X/TD-X offers four imaging modes, each with different
resolution and spatial coverage. Figure 6.1 shows three TS-X/TD-X data images acquired over
the same location, on the west coast of the USA in different modes: ScanSAR with the largest
coverage (~100 x 150km) and the lowest resolution (~18m), with pixel spacing of 6m,
StripMap, medium coverage (~30-50x30 km) and high resolution (~3 m), and pixel spacing of
1.25 m, and 3) SpotLight, with much smaller coverage (~10x10 km) but high resolution (~2 m)
with pixel spacing of 0.75 m and high resolution SpotLight with the smallest coverage ( ~5x10
km) and resolution of about 1 m (figure 6.2).

For our applications, StripMap fits the coverage area requirements and has a resolution
quite similar to SpotLight, which is comfortably sufficient to resolve short ocean wind waves.
In all the four modes it is possible to observe the imaged wave field, although it is obvious that

for StripMap and SpotLight the resolution is visibly higher, than for the ScanSAR mode. From
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visual observation of the StripMap data one can infer that the wave propagation direction, is
south east, as waves are generated in the open ocean. For the SpotLight data one can observe a
cross sea situation where two wave systems with different propagation direction are present.

Figure 6.1: TS-X VV polarized StripMap acquired on April 9, 2012 at 1:51 UTC. Inlet: TS-X SpotLight
acquired on June 13, 2013 at 1:51 UTC on the west coast of USA.

Figure 6.2: TS-X VV polarized SpotLight data image acquired on June 12, 2013 at 1:51 UTC (inlet
Fig.6.1).
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The spatial resolution of the TS-X/TD-X ScanSAR mode data is lower than StripMap.
However its resolution is higher than the one from ENVISAT or ERS “imagettes”, which was
about 30 m. Furthermore, its high coverage area (~100 x 100 km) is an advantage for observing
larger scale phenomena as hurricanes or tropical storms, as is the case of the Tropical Storm
Nadine in the middle of the North Atlantic on the 3" of October, 2012 at 8:22 UTC, which is
partially imaged in ScanSAR data (figure 6.3). It is possible to observe the change in direction
in the wave field from the sub-scenes taken from different locations of the image. Even though
the TS-X/TD-X ScanSAR data, has a lower resolution than the other TS-X/TD-X modes, it can
be used for ocean wave analysis, extraction of the 2D spectrum and estimation of the wave

peak direction and wavelength.

~109 km

5.1 km

Figure 6.3: TS-X VV polarized ScanSAR data taken on October 3, 2012 at 8:22 UTC over the Tropical
Storm Nadine in the middle of the North Atlantic Ocean (left) Sub-scenes taken from different positions
on the data image (right).
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Figures 6.4 and figure 6.5 are examples showing TS-X/TD-X StripMap data acquisitions over
different sea states. Figure 6.4 left shows a TS-X VV polarized StripMap data image acquired
under low sea state conditions. In this case it is difficult to assert visually the propagation of the
wave field. Information regarding peak wavelength and direction are probably only possible
through Fourier analysis. Besides, due to low sea state conditions, spectral peak information
will not be so stable.

Figure 6.4 right, shows a TS-X VV polarized data image acquired over low sea and high
wind speed conditions, which led to wind signatures in the data image. Due to the additional
limitations caused by low sea state conditions, we would expect the Fourier analysis lead to the
derivation of spectral peaks related to the wind signatures. Most of these peaks can be filtered
out from the spectrum. Wind generated spectral peaks were usually above 1000 m wavelength
for the case the case of C-band ENVISAT, ERS-1/2 data. For the case of TS-X/TD-X, by
analysis done on data, this wavelength range was found to be much lower than 600 m. Higher
resolution gives the ability to image finer scale wind signatures.

Figure 6.5 shows a TS-X Stripmap VV polarized an imaged wave field acquired in
higher sea state conditions. It shows a clear defined wave field and consequently it is easy to
observe that, the propagation direction is from north-west, even in the presence of wind

signatures.

~50 km

Figure 6.4: TS-X VV polarized StripMap data taken on October 31, 2012 at 11:28 UTC near the Gulf of
Mexico. The image data is taken under low sea state and moderate wind conditions (left). TS-X VV
polarized StripMap data taken on December 18, 2012 at 22:20 UTC. The image data is taken under low
sea state conditions with influence of wind, which created signatures visible in the data (right).
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~30 km

~50 km

Figure 6.5: TS-X VV polarized StripMap data taken on October 20, 2012 at 15:55 UTC. The data is
acquired under high sea state conditions.

difraction

~2.8 km

REFRACTION

:,a....‘,Googlc-

~1.7km

Figure 6.6: TS-X HH polarized StripMap image acquired over the Elbe estuary on November 21, 2008
at 17:00 UTC (a), sub-scene of the TS-X (b), and sub-scene zoom (c), background image, Google
Maps®©.
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Figure 6.6 a) shows a TS-X HH polarized StripMap data image acquired over a complex
coastal area in the Elbe Estuary in the north of Germany. The sub-scenes shown on (figure 6.6
b) and (figure 6.6 c), are examples of the capability of TS-X data to capture very small-scale
ocean effects. In this case, diffraction and refraction of very short wavelength ocean waves,
from 50 m down to 13 m. This indicates that TS-X StripMap data is useful to measure spatial
variability. A subject is discussed in Chapter10.

TS-X/TD-X data has the possibility to be taken in HH or VVV polarization (Chapter 5).
Figure 6.7 shows an example of a wave field imaged in dual polarization TS-X StripMap data.
The data shown is a combined set of both HH and VV polarization. As the sea surface is
acquired on both polarizations, data has only half of the coverage in range as the standard
StripMap data (Chapter 5). The HH and VV polarized data are shown separately in figure 6.8.
There are differences between the HH and VV polarization which can be visually identified.
The HH polarization wave field (figure 6.8 left), is sharper than the VVV polarization wave field
(figure 6.8 right). The “sharpness” on HH polarized SAR data can be an advantage for some
applications, as ship-detection [Brusch et al., 2011], where a threshold of the values of g, is the
key factor of the ship-detection algorithm. However for the case of ocean wave analysis, VV is

the most suitable for ocean wave analysis, as it will be discussed in Chapter 8.

~19km

~S0km

Figure 6.7: TS-X combined dual (HH and VV) polarized StripMap data image acquired on February 4,
2012 at 22:05 UTC over the North Atlantic Ocean.
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~0.8 km
~0.8 km

Figure 6.8: Sub-scene taken from the HH polarized data from the TS-X dual polarized StripMap data
image shown on figure 6.7 (left). Sub-scene taken from the VV polarized data from the TS-X dual
polarized StripMap data image shown on figure .6.7 (right).

6.2 Phenomena sea surface signatures observed in TS-X/TD-X data

There are a number of oceanic phenomena, which are not related directly to sea state or sea
surface wind waves that can be observed in SAR data. Such types of phenomena have been
studied by means of SAR data, since the beginning of the first C-band SAR missions [Vesecky
et al., 1983]. Those phenomena can be: internal waves, atmospheric or oceanic, cloud
signatures, atmospheric disturbances, algae blooms or oil slicks.

This section presents a selection of examples of these phenomena observed in TS-
X/TD-X data (figure 6.9 to figure 6.12). Figure 6.9 shows an example of internal ocean waves.
Figure 6.10 shows an example of atmospheric disturbances signatures. Figure 6.11 left shows
examples of man-made oil slicks signatures (oil tanker discharge or platform) and figure 6.11
right shows biological oil slick signatures (algae blooms). Figure 6.12 left shows an example of
wind influence, where dust is carried out from the mainland to the sea surface. Figure 6.12 right

shows an example of the absence of wind, causing the data to be partially black.
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Figure 6.9: TS-X VV polarized StripMap data image acquired in the Pacific Ocean near the coast of
Japan on September 21, 2012 at 8:12 UTC. The examples shows internal Ocean waves probably formed
by the underwater terrain (left). TD-X VV polarized StripMap data image acquired over the North
Pacific Ocean, off the west of Canada on December 10, 2011 5:05 UTC. A set of internal ocean waves
are visible in the TS-X images (right).

Figure 6.10: TS-X VV polarized StripMap data image taken in the Indian Ocean, south from India on
September 19, 2012 at 13:20 UTC. The image shows an atmospheric signature visible in the middle of
the image (left). TS-X VV polarized StripMap data image acquired in the North Pacific Ocean near
Canada on March 13, 2012 3:23 UTC. The image shows cloud signatures (right).
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Figure 6.11: TS-X VV polarized StripMap data image acquired off the east coast of the USA on March
16, 2012 at 10:49 UTC. The case shows an example of surface oil slicks (algae blooms) (left). TS-X VV
polarized StripMap image acquired over the Gulf of Mexico on August 28, 2011 at 23:48 UTC. This
case shows an oil spill in the right side of the image (right).

W

Figure 6.12: TS-X VV polarized StripMap data image taken over the coast of Oman, North Africa, on
the March 2, 2012 at 2:14 UTC. The example shows a fleet of ship, and wind blowing from land to the
sea bringing dust from the mainland dune (left). TS-X VV polarized StripMap image acquired over Lake
Huron, Canada on December 13, 2011 at 23:10 UTC. The image appears black in most of the upper part
because the wind speed is too low to provide enough roughness to reflect the radar signal back to the
antenna (right).
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Chapter 7
Data Analysis

This chapter contains a description of the ocean wave analysis done. A Fourier analysis was
performed on TS-X/TD-X data, which is described first. Using the FFT algorithm
methodology, one is able to derive the 2D spectrum from the TS-X/TD-X data. However,
before the analysis, the SAR data has to be asserted for quality. Therefore a method, named
homogeneity test, to identify TS-X/TD-X data which presents homogeneous wind generated
ocean wave fields is presented, which is described after. This method is useful to discard TS-
X/TD-X data which presents unwanted signatures in the data unrelated to wind generated ocean
waves, such as internal waves, atmospheric disturbances, man-made structures, etc.

After the description of the methodology to derive 2D spectrum and to assert the quality
of SAR data, the results of the ocean wave analysis are presented. The sea state parameters
(peak wavelength and direction) inferred from the 2D spectrum derived from TS-X/TD-X data
by Fourier analysis are compared to in-situ wave measurements. The objective is to assert the
quality of the derived peak wavelength and direction from TS-X/TD-X data. As the SAR
spectrum is being regarded as linear using the described methodology, the objective is to assert
how good is the comparison of the derived parameters with the in-situ wave measurements.

The chapter ends with the study of the minimum detectable ocean wave wavelength by
the SAR propagating in the satellite path, known as the azimuth cut-off wavelength. This
parameter gives a level of capability of the SAR to image ocean waves. The lower the value of
the azimuth cut-off wavelength, the lower is the ocean wavelength imaged by the SAR in

azimuth direction, and therefore the higher is the quality of the SAR observation.
7.1 The 2D Fourier analysis

The first basic step of ocean wave analysis on SAR data is obtained by Fourier analysis. The
steps of the FFT algorithm methodology used for the ocean wave analysis are as follow:

First, the TS-X/TD-X data is spatially averaged by a factor of 2. This provides a first
level degree of correction to reduce speckle noise, and pixel errors. Each sub-scene has
dimensions given in number of pixels in range dimension nx and in azimuth dimension ny . For
the case of TS-X/TD-X StripMap data using nx = ny = 2048 corresponds to a box size of
approximately 5.1 km, as the original standard pixel spacing for this mode is of 1.25 m (figure

7.1 left).
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Figure 7.1: TS-X sub-scene (left) 2D spectrum derived from the left sub-scene using the methodology
described in this section (right).

Each sub-scene Sg is then calibrated so that each pixel value o,(X,Y) of the sub-scene is

modified by:

_ o, (X, Y)_<O'o>.

7T (o)

Where (o) is the mean value of o, in the sub-scene resulting in a calibrated sub-scene Sg

(7.1)

with pixel value o . This is the so-called image modulation, a calibrated representation of the

variation of the radar signal which approximates the sea surface elevation (Chapter 4). The next
step of the process is to obtain the power spectrum P (figure 7.1, right) for each sub-scene Sg

with pixel value o . The power spectrum P is obtained by Fourier analysis using the FFT as

follows:

P = (FFT(S}))? (7.2)

The spectrum P, derived in the spatial domain, has wavenumber spacing dkx and dky for the

range and azimuth directions of the sub-scene obtained by:

27 27

dkx=—"—— dky=——
(nx*dx) (ny *dy)

(7.4)

where dx and dy are the pixel spacing of the sub-scene and nx and ny are the number of pixels.
For the case of standard TS-X/TD-X StripMap data, the image pixel of each sub-scene is 2.5 m,
resulting in a wavenumber spacing dkx and dky = 0.001227.
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The spectrum P defined as a function of the wavenumber can be represented best by:

P =S(k,k,) (7.5)

where k, = kcos® and k, =ksing ,given that the wavenumber k =k +k; and

0 =arctan(k, /k,) . An equivalent two-dimensional spectra in both the wavenumber and
direction domain is related to the previous spectra by:

P(k,0) = P(k,k,)J (7.6)

J is the Jacobean matrix to transform the spectrum from the 2D wavenumber domain ky, K, into
a 2D spectrum in both wavenumber k and direction & domain. The Jacobean for this
transformation is simply k. The two dimensional spectrum P can also be represented in the

form of P(L,0), as k is related to wavelength by k =27/L . In this form it provides

information about energy density distribution related to wavelength of the ocean waves.

7.2 Homogeneous and inhomogeneous wave fields observed by TS-X/TD-X

In Chapter 6 several examples of signatures caused by phenomena observed in TS-X/TD-X
data acquired over the sea surface which are not related to wind generated ocean waves were
presented. Although those phenomena are interesting, this thesis is focused on wind generated
ocean waves and those phenomena signatures are considered artefacts on the data as they
interfere with ocean wind wave analysis. TS-X/TD-X data can be inspected visually for the
presence of these signatures, and discarded if there are detected. However visual inspection is
not practical when dealing with large amount of data.

Examples of TS-X/TD-X StripMap VV polarized data presenting homogeneous wind
generated ocean waves wave field is shown on figure 7.2 and contaminated wave field is shown
on figure 7.4. A method to filter TS-X/TD-X data containing unwanted signatures is discussed
below. The objective of the method is to analyze sub-scenes of the TS-X/TD-X data and check
for unwanted signatures. Even if the TS-XTD-X data image contains signatures, sub-scenes
where signatures are not present can be kept for further analysis. The method consists on
checking the variation of spectral properties within the sub-scene. On the open sea, the sea

surface ocean wave statistics (e.g., significant wave height, wave period, wave direction) in
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non-storm situations remain constant over a distance of a few kilometers. These wave fields can
be considered homogeneous. For a homogenous wave field, free of artefacts, the spectral
proprieties of the wave field area do not change significantly over the imaged area. Following
this idea, to assert that a TS-X/TD-X sub-scene is homogeneous, equally sized sub-scenes
fragments are analyzed by Fourier analysis (figure 7.2, figure 7.3, figure 7.4 and figure 7.5).

~30 km

~50 km

Figure 7.2: Example of TS-X data presenting homogeneous wind generated ocean wave field; TS-X VV

polarized StripMap data image taken over the Pacific Ocean near Canada on November 24, 2011 at 3:21
UTC.
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Figure 7.3: Sub-scene (2048 by 2048 pixel => (5.1 km x 5.1 km ) taken from data presented in (figure

7.2) is divided into 4 smaller 1024 pixel sub-scenes of equal size (2.6km x 2.6 km) (left). For each of the
smaller sub-scenes the spectrum is derived (right).
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~30 km

~50 km

Figure 7.4: Example of an Inhomogeneous data image; the data presents an atmospheric signature
visible in the middle of the image. TS-X VV polarized StripMap taken in the Indian Ocean, south from
India on September 19, 2012 at 13:20 UTC.
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Figure 7.5: TS-X StripMap sub-scene (2048 by 2048 pixel => (4.6 km x 4.6 km ) is divided into 4
smaller 1024 pixel sub-scenes of equal size (2.6km x 2.6 km). For each of the smaller sub-scenes the
spectrum is derived.

The spectral densities of each spectrum obtained from the different sub-scenes fragment S; to
S, are compared. More precisely the difference in spectral energy between each spectrum is

calculated. If the difference between spectra is higher than a certain threshold, it means that the
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spectral properties of the sub-scene are not similar. In other words, the analyzed sub-scene
contains unwanted signature. The exact procedure to achieve the previously described objective
is as follows: the derived spectra are normalized according to the maximum spectral value of
each sub-scene. The spectra are inter-compared and the difference of the spectral values
between each spectrum is calculated. The result is a matrix which contains the spectral

differences between each spectrum as defined below:

Sr12 =51 -5, (7.7)
St13 = 51 - 53 (7.8)
Sr1a =81 -S4 (7.9)
St23 = Sz - ~§3 (7.10)
St24 = Sz - ~§4 (7.11)
Sras =S3— S, (7.12)

A sensitive study using over 350 TS-X/TD-X data-sets was used to analyze the spectral
properties on the data. On the basis of visual inspection and Fourier analysis of the TS-X/TD-X
data, an empirical threshold value for the maximum difference between spectra was determined
to identify TS-X/TD-X data presenting homogenous wave fields free of any signatures. The

conditions of TS-X/TD-X data homogeneity can thus be summarized by:

If St12, ST13, S7145723:5724, ST34 <0.08 : Homogenous wave field (7.13)

If (St12, ST13, ST145723,ST24, ST34 > 0.0 8 : Inhomogeneous wave field. (7.14)

The threshold value set is able to discard all TS-X/TD-X contaminated data images and to keep
data images visually free of signatures unrelated to wind ocean waves. The data selected is
considered suitable for further ocean wave analysis. Only the data selected using the method
described above is used in the tuning and validation of the algorithm developed for the aim of
this thesis.
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7.3. Ocean waves peak wavelength and direction derived from TS-X/TD-X data

In this section the peak wavelength derived from TS-X/TD-X data is verified against in-situ
wave measurements. The data analyzed is free of unwanted signatures unrelated with wind
generated ocean waves by applying the quality test described previously. Although SAR data
visually seems to show ocean waves, the data only gives a representation of the imaged wave
field (Chapters 4 and 6). Therefore, the 2D spectrum does not represent a real wave spectrum.
A first assessment of the quality of the derived 2D spectrum derived from SAR data, is
accomplished by comparing the peak wavelength and direction derived from the SAR 2D
spectrum with in-situ wave measurements. The statistical performance parameters used for the

verification of the correlation of the derived SAR parameter X, ,with the in-situ wave

measurements or numerical wave model data X, ,are the standard parameters correlation,

Scatter index, Root mean square and bias. The correlation coefficient R defined by:

Z(Xi _X_i)(XSAR _m) . (7.15)

R=
(Z(Xi —X_i)z)}é(Z(XSAR _m)z)%

The bias B given as follows:

B = Xeag — X, - (7.16)
The root means square RMS is given by:
Ems= VEZ =y (Xoa — X,)7 (7.17)
and the scatter index Si is given by:
Si = % . (7.18)

Given that the TS-X/TD-X has a lower orbit (513 km) than conventional SAR satellites,
(approximately 800 km) it presents fewer limitations to image moving targets. Hence the

imaging of ocean waves by the TS-X/TD-X is improved in comparison to previous SAR
49



satellites. Therefore a good performance for the derived peak parameters wavelength and
direction from TS-X/TD-X data with in-situ data is expected.

A TS-X/TD-X collocated data-set with in-situ wave data from the NOAA buoy
network is used for the comparison of the spectral peak parameter (figure 7.6). The buoys are
located in deep water (we assume in our case deep water as >100m, for the range of
wavelengths analyzed). This data-set is also used for the tuning and validation of the empirical
algorithm to derive wave height discussed later in Chapter 8. The distribution of the wave peak
direction (figure 7.7) shows that in the data analyzed, azimuthally traveling waves [between

~0° and ~180°] are less frequent than the cases of near range travelling ocean waves [between

~90° and ~270°].

: , 7
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Figure 7.6: Location of the NDBC buoys used in the analysis of TS-X/TD-X data.
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Figure 7.7: The distribution of the wave peak wavelength and direction for the analysed 200 collocated,

wave peak wavelength versus wave peak direction; red: in-situ, blue: TS-X/TD-X.
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This means that most of the measurements represent wave fields traveling perpendicular to the
satellite flight path. However, this corresponds to the common ocean wave propagating
conditions around the world, where ocean waves in mid-latitudes usually propagate West—
East/East-West, except during storm conditions, or due to land mass interference. For the
analyzed acquisitions the wave propagation direction West-East (~270°) predominates. The
wave fields in question were acquired on the west coast of the USA. Most of the waves
propagate from east, as they cannot be originated in the west where land is. Following the same
line of thought, for the east coast of the USA, wave fields are predominantly propagating from
east. The reason why there is more valid data acquired in the west than of the east side of the
USA, is that although TS-X/TD-X data was acquired randomly covering a certain list of buoy
locations equally distributed on both sides, in the North Atlantic many images were discarded
due to frequent algae blooms. This is also the reason of the limited number of acquisitions
taken over the Hawaii Archipelago.

Another reason for the difference in the number measurements in the west and east was
the presence of the atmospheric disturbances in the east side. Hurricanes and tropical cyclones,
caused not only contamination by unwanted signatures, but also due to the severity of the
storms, buoys usually stop functioning for a certain period of time. In the west side, swell
waves were mostly generated from weather systems not near the coast but located in the middle
of the Pacific, so the data was free of atmospheric disturbances.

Results of the comparisons of the derived wave peak wavelength from TS-X/TD-X and

in-situ wave measurements (buoy) are shown in figure 7.8 left.
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Figure 7.8. Comparison of the wave peak wavelength 4, derived from TS-X/TD-X VV polarized
StripMap data against peak wavelength 4, derived from buoy data using the dispersion relationship for
deep waters (left). Comparison of ocean wave peak direction 6,, derived from TS-X/TD-X data against
8,given by the buoy. Each color corresponds to different a wavelengths range;
; Green: wavelengths between 120 to 75 m, purple wavelengths between 55 and 75 m (right).
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The data-set analyzed contains wave peak wavelengths ranging between 55 m and 600
m. The comparison with in-situ data shows good agreement, with a correlation R of 96 %, RMS
of 28 m and a bias of 0.6 m, which is equivalent to 1.4 s and 0.6 s in the frequency domain, and
a scatter index Si of 0.14. The good correlation and low scatter index is mainly due to the low
orbit of the satellite. This enables ocean waves to be better imaged.

Only 77 out of the 200 buoys collocated with the TS-X/TD-X data deliver directional
information. The comparison of the wave peak direction derived from TS-X/TD-X data with
in-situ data shows a good agreement. The overall correlation R is of 95%, and the scatter index
Si is about 0.14 (figure.7.8 right). The derived wave peak direction is identified with different
colors associated to the different wavelengths bands. Blue for the shorter wavelengths band, set
to be between 55m and 75m, green for wavelengths between 75 m and 120 m, and orange for
wavelengths between 120 m and 600m. Given that shorter ocean wavelengths, tend to be more
difficult to measure, and distortions can occur, in this way is possible is easily identifiable the
quality for each range of wavelengths.

Figure 7.8 shows that in general, despite the different number of sample points between
each band, it seems that for longer wavelengths wave peak direction estimates are better.
Shorter ocean wavelengths tend to be more influenced by the distortion which happens when
SAR images moving objects. The following section presents the next step of the analysis of the
2D spectrum. The distortion caused on the spectrum is analyzed and quantified.

7.4 Azimuth cut-off

In this section the azimuth cut-off effect on the 2D spectrum derived from TS-X/TD-X data is
analyzed and discussed. The azimuth cut-off effect is seen as a distortion of the spectral shape,
which can be seen in the spectrum as a shift of the spectral density into the range axis (figure
7.9). This leads to a clear gradient of higher spectral values against very low background
spectral values.

The cut-off effect is associated by the distortion present on SAR data acquired over the
sea surface. This distortion is caused due to miss-registrations of the Doppler radar signal
caused by the motion of the imaged wave field. This distortion seen on the SAR data is often
referred to as velocity bunching effect of moving targets, where moving targets are shifted from
the original positions (Chapter 3).
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Figure 7.9: Visualization in 3D of the 2D spectrum derived from a sub-scene taken from TS-X VV
polarized StripMap data over a wave field with in-situ meteo-marine information; wave height: 5.9 m
and wind speed: 5.4 m/s.

The higher the motion of the object in question (in our case ocean waves), the stronger
the distortion will be. Strong distortion is expected where movement on the wave field is high,
high sea states and high wind speed conditions.

Distortion of the SAR data has generated debate over the last 25 years regarding the
imaging of ocean waves by SAR. The bunching effect related to imaging moving targets, is
seen as an important limitation. As a result the SAR system is unable to retrieve the full ocean
wave’s information e.g. [Alpers et al., 1986]. For the cases of ERS-1/2 SAR data, the shortest
detectable wavelength in azimuth direction was no less than 200 m [Kerbaol et al., 1998]. The

cut-off effect increases for SAR satellites orbiting at higher altitudes. More precisely increases
with the ratio R/V, where R is the sensor altitude and V its velocity [Kerbaol et al., 1998].

The cut-off effect, is also correlated to increasing wave height and wind speed [Beal et
al., 1983], [Vachon et al., 1994], and to waves orbital motions [Vachon et al., 1994], [Kerbaol
etal., 1998].

To quantify the cut-off effect, the azimuth cut-off wavelength derived from the spectrum
of the SAR data can be used More importantly, the azimuth cut-off wavelength is defined as the
minimum detectable ocean wave wavelength propagating in azimuth direction (satellite path)
by the SAR system [Beal et al., 1983]. This topic has been extensively discussed for C-band
SAR (e.g. [Kerbaol et al., 1998], [Vachon et al., 1997] and [Hasselmann et al., 1996]). It is
important to mention that this limitation is just for the azimuth component of imaged ocean
waves. Ocean waves propagating in range direction (perpendicular to satellite path) are
observed and measured theoretically up to the resolution of the pixel (2 m in the case of TS-
X/TD.-X).
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Several methods are available to derive the azimuth cut-off wavelength empirically (e.g.
[Kerbaol et al., 1998], [Vachon et al., 1997] and [Hasselmann et al., 1996]). A two parameter
fit model based on both Hg and wind speed U is defined by [Vachon et al., 1994] as follows:

R
Aewe = () arH, + a,U? (7.19)

Where R is the platform (sensor) altitude, V its velocity, and a, and a, are fitting coefficients.
For the case of TS-X/TD-X R =513 km and V = 7.1 km/s. [Vachon et al., 1994] pointed out
that no obvious outliers were present when comparing the derived azimuth cut-off wavelength
with this model. This strongly suggests that after, satellites altitude, Hg and wind speed are the
most important factors to influence the cut-off effect on SAR data.

However TS-X/TD-X data is taken at different incidence angles and this formula does
not include the dependence of incidence angle. In the next subsections the method used in this
thesis to derive the azimuth cut-off wavelength from the TS-X/TD-X data is described. The
dependency of this parameter with the underlying meteo-marine conditions and the incidence

angle of the imaged sea surface are also assessed.

7.5 Azimuth cut-off effect on TS-X/TD-X data

As described previously, the cut-off effect can be observed in the derived 2D spectrum from
SAR data, as a band of higher spectral values in the range direction of the image spectrum in
relation to the lower background spectral values (figure 7.9). In the derived 2D spectrum there
is a gradient of higher against low background of spectral values. The border line between high
spectral values and the low background values parallel to the range axis has azimuth cut-off
wavelength coordinates.

One method to easily calculate the azimuth cut-off wavelength is to check for the
highest spectral gradient in the 2D spectrum. However this line is not completely straight,
mainly due to the imaged wave systems which influence behavior of this line (figure 7.10). The
interference (red line in figure 7.10) caused by the presence of the wave spectral peak(s) near
the azimuth cut-off wavelength line (yellow line in figure7.10) is quite visible. Therefore to
estimate the path of this line (azimuth cut-off wavelength), the 2D spectrum is divided into
azimuth bands, with different range coordinates. For each band the azimuth coordinate of the

bin with high spectral gradient is determined. The azimuth cut-off wavelength of the 2D
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spectrum will be the azimuth coordinate, which in general terms, is the average of all the
coordinates determined for each of the bins. More precisely the average of the coordinates
estimated previously is calculated. After discarding the coordinates values beyond the limit of
0.7 times the standard deviation (threshold set by analysis of the 2D spectrum), a new average
of the remaining coordinates is calculated. The resulting value is the estimated azimuth cut-off

wavelength.

ange

Azimuth cut-off wavelength = 160 m

Figure 7.10: 3D view of the 2D spectrum derived from TS-X data. The yellow lines correspond
approximately to the wavelengths where the gradient between consecutive azimuth bins is higher. The
azimuth wavelength of the line is the estimated azimuth cut-off wavelength. The red line indicates that
the line is affected by the presence of the wave peak, which moves the prediction line away from the
center range axis.

7.6 Dependency of azimuth cut-off with significant wave height and sea surface

wind speed

As stated previously, the cut-off effect on the SAR data increases with increasing Hg and wind
speed. In this section the analysis of the dependency of the azimuth cut-off wavelength with
H;and wind speed is given. The azimuth cut-off wavelength is analysed in TS-X/TD-X
StripMap data acquired over in-situ wave measurements.

A 3D representation of two examples of 2D spectrums derived from TS-X/TD-X VV
polarized StripMap data are shown in figure 7.11. Case A shows the 2D spectrum derived from
TS-X data acquired over high sea state conditions with an in-situ Hg of 5.9 m. The measured in-

situ wind speed is about 5.4 m/s. It is observed that the 2D spectrum appears compressed along
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the middle range axis. The gradient between higher spectral values against very low

background spectral values is also visible.

A
Hs (m)® 5.9
= U (m/s)® 5.4
l Inc. angle (°) 28
Acur (M) 160

Estimated Cut off wavelength = 160 m

B
s Hs (m)® 0.9
< U (m/s)® 3.2
g 30 m Inc. angle (°) 26.4
Estimated Cut off wavelength = 46m Acut (m) 46

Figure 7.11: The 3D visualization of the 2D spectrum derived from TS-X data. The case A is taken over
high sea state. In-situ information: Hg: 5.9 m, wind speed: 5.4 m/s. The derived azimuth cut-off
wavelength is 160m. The case B is taken over low sea state conditions. In-situ information:Hg: 0.9 m,
wind speed: 3.2 m/s. The derived azimuth cut-off wavelength is 46 m.

The derived azimuth cut-off wavelength for this case is of 160 m. The high value of the
wavelength is to be expected, the higher the waves are and the stronger wind speed, the
stronger the cut-off effect will be, and therefore the longer will be the cut-off wavelength.

Case B shows the 2D spectrum derived from TS-X data acquired over low sea state
conditions with an in-situ Hy of 0.9 m. The measured in-situ wind speed is about 3.2 m/s. In
this case there is almost no distortion in the spectrum. However there is slight gradient in the
spectral values near the boundary of the spectrum, corresponding to higher wavenumbers,
shorter wavelengths.

Through analysis the azimuth cut-off wavelength derived using the method described
before, is 46 m. The derived azimuth cut-off wavelength is very low, almost the same as the
minimum wavelength limit (30 m) used for the Fourier analysis limits. This means that (almost)

the full spectrum of ocean wavelengths is imaged. The low value of the azimuth cut-off
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wavelength was expected, because H value is very low, which means less particle motion. In
this case the sea surface can be imaged near to the linear domain by the SAR.

In order to evaluate the dependency of the azimuth cut-off wavelength with the
underlying meteo-marine conditions, this parameter is derived for a set of 200 TS-X/TD-X
StripMap VV polarized data images collocated with in-situ wave measurements.

The TS-X/TD-X data considered for analysis was classified as homogeneous by the
homogeneity test described in the previous section. The results of the analysis are given in
figure 7.12. The azimuth cut-off wavelength resulted in a high correlation with significant wave
height, with an R of 0.80, and with wind speed a correlation R of 0.58. The shortest azimuth
cut-off wavelength derived from this data-set is 46 m, which corresponds to the case of a TS-X
acquisition taken with a incidence angle of 26° over sea state conditions with Hg of 0.9 m and

wind speed of 3.2 m/s.
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Figure 7.12: Azimuth cut-off wavelength derived from TS-X/TD-X data and the corresponding in-situ
values of H, given by the buoy (left) and wind speed (right) given by the anemometer.

In figure 7.13 the derived azimuth cut-off wavelength from TS-X/TD-X data, the same
as in figure 7.12, is shown in red. The predicted estimation of azimuth cut-off wavelength
obtained using (formula 7.19), assuming satellite altitude R = 514 km and velocity V = 7.2
km/s (TS-X/TD-X conditions) and using as input the buoy wind and wave height information,
is plotted in blue.
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The predicted estimation of azimuth cut-off wavelength obtained using (formula 7.19),
but assuming satellite altitude R = 800 km and velocity V = 7 km/s and using as input the buoy
wind and wave height information, is plotted in violet.

The estimation of the azimuth cut-off wavelength using the fitted correlation function
given in (figure 7.12 left), using buoy wave height as input, is plotted in green. The bias
between the values obtained by this formula and the values measured from the TS-X/TD-X
data (red) can show the influence of the wind speed influence in the cut-off wavelength.

The estimation of the azimuth cut-off wavelength using (formula 7.19) with R=514 km
shows an estimation slightly overestimated to the one derived directly from the data. Reasons
for that can be several; difference in the type of data analysed TS-X/TD-X vs ENVISAT/ERS
C-band, difference in the measuring method used for the cut-off wavelength estimation, higher
influence of wind in the azimuth cut-off wavelength for X-band SAR data, and measurement

errors.

600

500 .
=
g s @b
=400 ST
fo - "':-
5 o @
— o oo8°
2300 e .
< . .o;o"' s

37000 L)
< X " ';.;ig!-'..' ¢
S} o oo oo 2adl® 05 0.2
<200 W e i R
Q . 'is'zg,!:':’.lz" &
duakcles AHE S
!1!‘ . fo..t‘ 2 %o
100 oo W5 i
5's
0
0 2 4 6 8

Buoy Wave height (m)

Figure 7.13: Derived cut-off wavelength from TS-X/TD-X data (red) and the predicted azimuth cut-off
wavelength given by the empirical (formula 7.19) with R = 514 km, and V =7.2 km/s with in-situ wave
height and wind speed as input (blue) the same formula but assuming R = 800 km and V = 7 km/s, the
case of ENVISAT and ERS satellites (violet) and the predicted azimuth cut-off wavelength assuming the
relationship found in figure 7.12 left, using in-situ wave height as input ( ).
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In a further step, the azimuth cut—off wavelength was analysed regarding the different sea state
climates, classified as wind sea, swell, and old wind sea. According to the classification method
introduced by [Hasselmann et al., 1996], the sea surface sea state conditions imaged by the TS-

X/TD-X are classified as wind sea , old wind sea or swell.

C . . - . - -
The parameter a,, ;g = % is used to distinguish between the various sea states climates as
10

follows:

Awina < 1.3 =>wind sea (7.20)
1.3 < aping < 2.0 =>old wind sea (7.21)
Apina = 2.0 =>swell. (7.22)

Where Uj, is the sea surface wind speed, which can be obtained by the XMOD algorithm,

and cppqse IS the ocean waves phase defined as follows:

A
Cphase = ,gz_np (7.23)

Where A, the peak wavelength and g is the earth’s gravity. From the 200 TS-XTD-X
observations analyzed, 35 are classified as wind sea and 35 as swell. The remaining
observations are classified as old wind sea. Figure 7.14 shows the results for the derived
azimuth cut-off wavelength values for sea state conditions classified as wind sea or swell. The
correlation of the derived azimuth cut-off wavelength for wind sea cases is about 80%,
corresponding to 35 observations, and it is of 74 % for the swell cases. It can be seen in
figure.7.14 that the derived azimuth cut-off wavelength values are higher for wind sea, and
lower for swell, when assuming the same wave height. The shortest azimuth cut-off wavelength
derived is 46 m for a case of swell conditions. The H; measured by the buoy for that case is 0.9
m. The shortest derived azimuth cut-off wavelength for cases considered wind sea is of 93 m,
corresponding to approximately the same value of significant wave height (1.1m). These results
were also predictable, as wind sea waves are generated locally by the wind, which means more

contribution to the increase of the cut-off effect.
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Figure 7.14: Azimuth cut-off wavelength for data from TS-X/TD-X acquisitions over sea states
classified as wind sea by the parameter a,,;,4 (left). Azimuth cut-off wavelength from TD-X/TS-X
acquisitions taken under sea state classified as swell by the parameter a,;inq -

7.7 Dependency of azimuth cut-off wavelength with incidence angle

TS-X/TD-X data is acquired with different incidence angles. Consequently for each acquisition
the sea surface is imaged at different distances from the SAR. Additionally the geometry of the
imaging process is also different. It is to be expected that wave fields imaged by the TS-X/TD-
X with increasing incidence angles will have less quality. This is not only due to increasing
distance but also due to the different imaging geometry, where shadowing of smaller
wavelength ocean waves will occur for higher incidence angles.

Therefore an analysis of the azimuth cut-off wavelength regarding the incidence angle
of the acquisitions seems necessary. The derived azimuth cut-off wavelength for the TS-X/TD-
X acquisitions according to the incidence angle is shown in figure 7.15. The steps of the
incidence angles (of about 2° to 2.5°) for cut-off wavelength seen in figure 7.15 are related to
the fact that the center incidence angle of the acquisition, depends of the inclination of the beam
in relation to the planet’s surface. The SAR antenna rotates in order to obtain different swaths
on the planet surface from the same orbit. The centre incidence angle at each swath acquisition
is separated by an incidence angle of approximately 2° to 2.5°.

Figure 7.15 shows that for TS-X/TD-X data acquired at small incidence angles (up to
~30°), shorter azimuth cut-off wavelengths are derived. For incidence angles over
approximately 38°, azimuth cut-off wavelength below 100 are inexistent and for incidence
angles of approximately 45° the lowest azimuth cut-off wavelength is approximately 180 m.

The shortest possible azimuth cut-off wavelength for any wave conditions increases rapidly for
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TS-X/TD-X acquisitions taken with incidence angles above 38°. At acquisitions taken at 40°
incidence angle the shortest azimuth cut-off wavelength derived is 125m. For acquisitions taken
at 45° incidence angle, the shortest derived azimuth cut-off wavelength is 193 m. In figure 7.16
the distribution of the azimuth cut-off wavelength against wave height is given. The distribution
is represented in colours which identify the different range of incidence angles of the

acquisitions. This distribution shows the dependency on wave height and incidence angle.
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Figure 7.15: Azimuth cut-off wavelength derived from TD-X/TS-X data-set according to the incidence
angle of the acquisition.
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Chapter 8
XWAVE: An empirical algorithm to estimate significant
wave height from TerraSAR-X/TanDem-X synthetic

aperture radar data

This chapter describes XWAVE, the new empirical algorithm to derive Hg from TS-X/TD-X
data, which was developed for the aim of this thesis. The chapter starts by explaining the idea
behind the development of the algorithm. After that the various factors taken into consideration

in the algorithm are described and discussed.

8.1 Background

An algorithm based on empirical approach to obtain Hg from X-band TS-X/TD-X SAR data is
the aim of this thesis. The idea is not to simulate the sea surface or correct the spectrum obtain
from the SAR data, as other algorithms developed, but to obtain only the information in the
form of integrated sea state parameters; significant wave height, peak period and direction.

The empirical approach developed previously for C-band data, named CWAVE
(Chapter 4), able to give an estimation of significant wave height, is based on empirical
functions with parameters which are fitted with a large number of data samples (in the order of
tens of thousands). The large number of data was fundamental for the tuning procedure
algorithm, to obtain a good performance.

The algorithm was able to provide an estimation of significant wave height from SAR
data, although the SAR data limitations. This was possible because not all ocean wave
information is lost during the imaging process of ocean waves, and information as significant
wave height, peak period and direction can be retrieved by proper algorithms.

There are several differences between the initial conditions for C-band and X-band SAR.
First, the amount of available TS-X/TD-X data-set is about 100 times smaller than the amount
of data which was used to tune the CWAVE algorithm. Besides, the previous SAR data was
acquired over the ocean automatically by the ERS and ENVISAT continuously, each 100 km,
leading to total data-set in the order of several millions of data images. Second, the TS-X/TD-X

data is bigger in digital size than the previous SAR data by a factor of 200 (~10 MB vs ~2.2
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GB). This makes it computationally very demanding. Third, there is also an organization
problem, as the C-band data was already available when the CWAVE algorithm started to be
developed. For the case of TS-X/TD-X data, it was acquired during the development phase.
And these data acquisitions needed to be carefully planned due to operational reasons. Forth,
and most important, is the fact that prior to the C-band algorithm development, extensive
sensitive studies were already performed on C-band data acquired over ocean. These studies
provided important a priori knowledge regarding C-band data characteristics and performance.

Regarding the TS-X/TD-X data the situation was the following: TS-X/TD-X data is not
acquired automatically and the satellite needs to be previously commanded to acquire data at a
specific location, with careful planning. No sensitive studies regarding X-band SAR TS-X/TD-
X data acquired over sea surface were done, leading to all sort of unanswered questions which
need to be answered first.

From the knowledge obtained from C-band SAR data and from the analysis of TS-
X/TD-X data acquired over ocean, part of this information (Chapter 6 and 7) lead to the
development of the algorithm described in this thesis. A completely new algorithm, needed to
be developed for the case of X-band TS-X/TD-X SAR data, due to the difference in the number
of data samples and characteristics between the SAR data (different band, different type of data,
variable incidence angle, closer to linear domain, etc.). The algorithm described in this thesis, is
an improved version of the algorithm described in [Bruck et al., 2010] and [Lehner et al., 2012].

However a very important advantage comes with the new TS-X/TD-X data. It has
higher resolution and lower orbit. This allows the analysis of ocean waves with improved
accuracy. The minimum observable ocean wavelength by the TS-X/TD-X is much smaller due
to its lower orbit; being possible to observe shorter wavelength ocean waves, and image ocean
closer to the linear domain and therefore with less distortion (Chapter 7).

Therefore, if closer to linear domain the previous SAR data, the first approach to be
attempted to obtain an estimation of Hor the total energy, is that the integral of the derived
spectrum from the TS-X/TD-X data can be related to the spectrum derived from the sea surface
elevation time series of a measurement device (buoy). The estimation of the integral of the
spectrum derived from TS-X/TD-X data is given by the parameter E.

If the SAR imaging of the sea surface would be completely linear, this step would be
practically enough. A similar approach, but using SNR instead of the parameter E, is used for
example in standard radar data by ground marine radars, where the imaging is close to linear.
The sea surface is a few meters to a few kilometers distance to the marine radar [Nieto Borges,
et al., 2008]
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The parameter E is than the first parameter taken into account into the new algorithm

and is defined as:

E-= ﬁi (k, 0)dkdé (8.1)

0 30

The Fourier algorithm used is the one described in Chapter 7. The integration limits of the
derived spectrum are set to be kmax = 0.21 and knin = 0.01 which corresponds to wavelength
limits in deep water of Lyin = 30m and Lmax = 600m. These limits were defined as they are the
most important range of wavelengths for our study. Besides, the higher limit of 600 m also

avoids most of the influence of wind streaks signatures on the SAR data.

8.2 Data selection

For the development and validation of the empirical algorithm XWAVE, the TS-X/TD-
X data selected is the VV polarized StripMap data, acquired over in-situ wave measurements
(buoys). The in-situ data (ocean waves and wind information) chosen to tune and validate the
algorithm, as mentioned before, is obtained from the NOAA buoy network. The data is already
described in detail in Chapter 6.

The TS-XTD-X data polarization was chosen to be VV, not only because previous
studies showed that SAR VV polarization to be more suitable for ocean waves analysis e.g.
[Alpers et al., 1981], but also because analysis of TS-X/TD-X data showed that SAR VV
polarization data is preferable. This can be seen for example in one sensitive study of the
analysis of dual polarized TS-X/TD-X data (figure 8.1). It is observed for HH polarized data,
that the fitting curve of the parameter E with in-situ significant wave height measurements has
a higher slope. However, and important, is the fact that the correlation of the parameter E with

in-situ significant wave height measurements is higher for VV polarized data.
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Figure 8.1: H, given by the wave model WAM running at DWD, against the parameter E derived from
HH and VV dual polarized data from TS-X/TD-X StripMap and SpotLight acquisitions taken over the
Ekofisk oil platform in the second semester of the year 2009. Only observations for wave height above
0.9 m and wind speed above 3.5 m/s are considered.

The TS-XTTD-X data was pre-ordered over selected buoy locations. These locations were

previously chosen according to these criteria:

e The buoys need to be in deep water, open ocean, away from river estuaries

(river plumes can affect the ocean sea surface over several kilometres).

e The buoys selected were also not taken in locations in which is known that
algae blooms are highly predominant, or near oil spill predominant sites, as the
Gulf of Mexico.

Over 400 TS-X/TD-X VV polarized StripMap images from buoys were acquired considering
these conditions. However, only 200 data pairs are used for the tuning/validation of the

algorithm. Those measurements were not used due to the following reasons:

e The TS-X/TD-X data did not pass the quality/nomogeneity described in Chapter 7
(about 35%).
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There are no in-situ wave measurements from the buoy available at the time of the TS-
X/TD-X acquisition. This situation can happen when an error in the transmitter occurs

or the buoy is absent due to maintenance, was stolen, or is adrift.

TS-X/TD-X acquisitions over high waves situations were of particularly interest for the
aim of this work, as high wave height measurements are very valuable for a better
tuning of the algorithm, unfortunately about half of cases taken under very high sea

state conditions during storms, lead to the buoy to go adrift or stop transmitting.

Only TS-X/TD-X acquisitions with incidence angles between 20° and 37° were used
for the tuning of the algorithm. This because, as it was mentioned in Chapter 7, ocean
waves imaging performance decreases rapidly for incidence angles above 37°.

The measured wind speed by the anemometer at the buoy location must be higher than
3.2 m/s. The reason for this criterion is that we need a minimum wind speed value over
the surface imaged by the SAR, in order to have a minimum backscatter power signal

that provides readable, reliable data.

Additionally conditions of the TS-X/TD-X tuning/validation data set, which were not

imposed and occurred naturally worth mention, are:

The maximum wind speed measured is 18.7 m/s.

e The maximum and minimum measured wave heights (by the buoy) are 7.7 m and 0.9 m

respectively.

The tuning and the validation data-set have similar sea state distribution. The significant wave

height distribution of the tuning data-set has a Rayleigh type distribution with average wave

heights of about 3.6 m and a standard deviation of about 2.1 m (figure 8.2).

Other sea state parameters distributions of tuning data-set, can be seen in figure 8.3 and

figure 8.4. Recalling Chapter 7, we also know that the tuning data-set has about 18% swell and

~18% wind sea conditions and the remaining 60% are old wind sea (mixed) sea state

conditions.
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Figure 8.2: Histogram showing the distribution of measured H by the buoy for the TS-X/TD-X tuning
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data using the dispersion relationship, assuming deep water (formula 2.19) in the tuning data-set.
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8.3 Algorithm discussion

The XWAVE algorithm is a two-step function with (formula 8.2) and (formula 8.3), with a
simple buffer region between the two (formula 8.3). The different functions are used according
to the range of Hof the wave field acquired in the TS-X/TD-X data. In order to estimate the
range of H, of the imaged ocean area in advance, a first guess estimation of H, is obtained by
the relationship between the cut-off wavelength and the wave height (figure 7.12). As discussed
in Chapter 7, the cut-off wavelength is related to wave height and wind speed. From this
correlation it is possible to obtain a rough estimation of H,. This in turn enables to predict if the
Hof the imaged sea state is low (~< 3 m) or high (>~ 4 m).

For an imaged sea surface estimated to have an Hg below 3.5 m, roughly estimated by the
correlation to the cut-off wavelength, the following formula is used to obtain an optimum

estimation of H:

H,1 =a,-/E -tanb; +v-a, - Ujpxmod + az (8.2)

For an imaged sea surface estimated to have an Hg above 4 m, roughly estimated by the
correlation to the cut-off wavelength, the following function is used to obtain an optimum

estimation of Hg:

H2 = ay,*+/E -tanf; + v - ag - Ujpxmod + a4 - cos(a) + as. (8.3)

The coefficients a, to a, are obtained by linear fitting with in-situ wave measurements. v is an
unitary coefficient with unit [s] to correct units, U,, is the sea surface wind speed at 10 m
height, which is obtained from SAR data by applying the XMOD algorithm. « is the peak wave
direction related to the azimuth direction (0° < a < 90°) (in the case of two wave peaks the
direction is averaged if at the second peak has at least half the energy, of the first one). For Hg
between 3.5 m and 4.5 m (roughly estimated by the correlation to the azimuth cut-off
wavelength), the optimum Hg is given as the average of the values given by both the previous

formulas:

Hg3 = (H,1+ H2)/2. (8.4)
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For the case of two wave systems, the second system is only considered, if the normalized
energy of the second peak has at least half energy of the main peak.

To summarize the XWAVE algorithm is a seven parameter geophysical two model
function based on the analysis of image spectra. It uses coefficients a; to a, which are
determined by fitting using the least squares method, with collocated Hy from in-situ buoy
wave measurements and the TS-X/TD-X derived parameters E, a, 6 and sea surface wind speed
U;o. The algorithm fitting method, is a linear fitting that uses the least squares method, the

parameter E with in-situ wave measurements, according to the following:

H,, =aJE +b. (8.5)

The standard method of least squares (OLS) is conceptually simple and computationally
straightforward. The OLS estimates are commonly used to analyse both experimental and
observational data. The linear approach for tuning X-band radar data images was successfully
applied by [Borges et al., 2004], where in their study, the signal to noise ratio (SNR) of X-band
radar images, was linearly fitted with wave height measurements.

The tuning procedure of TS-X/TD-X data with in-situ wave measurements is processed
as follows; eight sub-scenes are extracted from the middle column of the TS-X/TD-X StripMap
VV polarized image data. All the sub-scenes have the same range coordinates (and therefore
same incidence angle). The size of each sub-scene is chosen to be 2048 x 2048 pixel of a
previously spatial averaged by a factor of 2 (Chapter 7). This means that for StripMap data the
pixel spacing is 1.25 m times 2, which results in an analysis box of 5.1 km side-size. The size
of the sub-scene is sufficient to resolve longer ocean waves with wavelengths of 600m at least
eight times. The sub-scenes are calibrated and the image spectrum is derived using the
methodology described in Appendix A. From the average of the eight derived spectrums, the
integral is calculated. The result is given as parameter E. The development of the functions and

the terms which are taken into account into the algorithm are discussed in the next sections.
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8.4 Dependencies taken into account in the algorithm

8.4.1 Incidence angle

The dependencies of the SAR data with the underlying sea state were pursuit. Although TS-
XI/TD-X data is calibrated according to incidence angle (Chapter 5), dependency with the
incidence is still observed as there is a decrease of the values of the parameter E with incidence
angle (figure 8.5). The variation of the parameter E is better understood for imaged wave fields
with a wave height of approximately 2 m, as the wave height is low enough to have less
distortion when imaging of ocean waves in high sea state conditions. Imaged wave fields of
wave heights of approximately 1 m, have too low distortions, almost linear, difficult for
evaluating dependencies.
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Figure 8.5: Parameter E derived from TS-X/TD-X data acquired at different incidence angles and wave
heights. The colours correspond to the different wave height ranges. Blue: wave height: [1.9-2.1] m,
red: wave height: [2.9-3.1] m, green: wave height: [3.9-4.1] m.

Considering the variation of the parameter E with incidence angle (figure 8.5), the dependency

of the incidence angle can be approximately simplified to VE - tan8;. As a first approach, wave
height can be estimated from TS-X/TD-X data assuming only incidence angle dependency as

follows:

Hs=a-/E-tanf; + b . (8.6)
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The linear fitting of (formula 8.6) with the in-situ significant wave height measurements is
presented in figure 8.6. The linear fitting resulted in a very low correlation with R = 0.60 and
scatter index S; = 0.56. This poor result is related to another dependency taken into account in

the algorithm, the sea surface wind speed, which is described next.
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Figure 8.6: Significant wave height estimation using (8.6) with in-situ wave data.

8.4.2 Sea surface wind speed U,
Recalling from the last section that the linear fitting of (formula 8.6) showed poor correlation

and high scatter index, the bias of the measurements was found to be correlated with the sea

surface wind speed (figure 8.7).
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Figure 8.7: Scatterplot with the bias found on the H given by the buoy and values of H derived by
using (formula 8.6).

The correlation observed on figure 8.7 is not high, because different imaged wave fields with
different wave heights produce different bias. The wind information is taken into account in

(formula 8.7) creating a new function, with a,b,c the fitting coefficients, defined as:

Hg =a-,/E-tanb; +v-b-Upxmod + c (8.7)

The fitting results of (formula 8.7) proved to improve results (figure 8.8). This is (formula 8.2),
the first function of the XWAVE algorithm, intended to be applied for TS-X/TD-X data

acquired under moderate sea state conditions (~< 3.5 m).
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Figure 8.8: H, derived from TS-X/TD-X data using (8.5) against in-situ H,
72



The dependence on wind is not only due to the wind wave growth but also to the influence of
the wind in the imaging mechanism of the SAR. For the same wave height or wave spectrum,
the wave field will be imaged differently according to different wind speeds.

The value of \/E - tan8; will tend to be higher for swell waves and lower for wind sea
waves, being sensitive therefore to the sea type: swell, wind sea.
It can be concluded, that by taking wind information, correlation was improved, and achieves
now a value of about 88%, but some obvious outliers are still present. Some estimations of
significant wave height values using (8.13) can be much lower ( more than 1 or 2 m difference )
that the real wave height, is due to the strong distortion when imaging ocean waves in high sea
state conditions, as referred previously. This distortion on the data is related with ocean waves
propagating in the satellite path direction (azimuth direction). A method to obtain a better
estimation of significant wave height of TS-X/TD-X data acquired under high sea state

conditions, although the data is with high distortion is discussed in the next section.

8.4.3 Ocean wave propagation direction in relation to satellite path (azimuth)

In this section the last dependency considered in the algorithm, which is the ocean waves
propagation direction in relation to the satellite path (azimuth direction) is discussed.

despite the good performance for imaging stationary targets, it has limitations on the imaging of
moving targets, more precisely for targets moving azimuthally. This effect is the so called
velocity bunching effect [Alpers et al., 1981], [Alpers et al., 1986]. The distortion caused by
higher ocean waves leads to high distortion of the SAR image data (Chapter 7). To assert the
dependency of the wave travel direction with respect to satellite heading in the wave height
results, the bias of the estimation of wave height according to (formula 8.7) is compared to the
relative wave direction to azimuth (figure 8.9). The data is shown for wave heights above 4 m,
where the effect was found to exist. It is observed a high bias in significant wave height results
estimated using (formula 8.7) for cases where the wave propagation direction in respect to
azimuth is less than 40° (figure 8.9). The velocity bunching effect, which is the cause of the
observed bias, can be related to a cosine type function [Alpers et al., 1981]. The term cos(a),
where a is the wave field peak propagation direction in relation to azimuth, proved to be able
to correct the obvious outliers in the tuning data, which indicated it is probable a suitable
choice. Therefore the correction term was chosen to be cos(a), and the new formula for higher
wave heights is modified as follows:
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Hy =a-,/E-tanb; +v-b-U;gxmod + c - cos(a) + d (8.8)

This is (function 8.3), the second function of the XWAVE algorithm. As mentioned before,
the coefficients a, to as are obtained by linear fitting with in-situ wave measurements and

wind speed can be obtained by the XMOD algorithm.
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Figure 8.9: Bias of the wave height estimated by (8.5) for ocean waves higher than 4.5 m compared to
wave propagation direction relative to the satellite path (azimuth direction).

8.5 Validation of the algorithm

This section presents and describes the results derived from TS-X/TD-X SAR data using the
XWAVE algorithm. As for the tuning of the algorithm, the same conditions apply for the
validation data. The TS-X/TD-X data must be considered homogenous presenting wind ocean
waves; otherwise the results will be unpredictable. The conditions for the verification of the
algorithm were also the same for the range of incidence angles, range of wind speed and wave
height minimum. Validation of significant wave height derived from TS-X/TD-X against in-
situ data show a correlation R of 0.91 and a scatter index Si of 0.21 and a bias of 0.01 m when
using in-situ wave buoy data (figure 8.10).

The algorithm performance was accomplished when using TS-X/TD-X data acquired
under specific sea state conditions and limited data-set. The sea type analyzed presents mixed
conditions of swell and wind sea which are typical for open ocean waters. Conditions outside

these limits might not provide the expected performance. The wave peak wavelength 4, and

direction 6,, are also compared to the in-situ wave measurements. For the comparison of 6,,,
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only 77 out of 100 buoys chosen for validation are directional buoys. The sea state parameters
derived from the TS-X/TD-X data are also compared with the results from the WAM wave
model running at DWD. Figure 8.11 shows the results from the wave numerical model running
at DWD compared to in-situ wave measurements. It is visible an underestimation of the values

of H, calculated by the wave model and the in-situ wave measurements, which were mostly

swell condition cases.
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Figure 8.10: Validation of H, derived from TS-X/TD-X data using the developed empirical algorithm
XWAVE against in-situ wave measurements The data used for verification of the algorithm corresponds
to 100 homogenous TS-X/ TD-X VV polarized StripMap data acquired with incidence angles between
20° and 37° collocated with buoys with water depth higher than 100 m.
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Figure 8.11: Comparison of values of H, given by the wave model WAM running at the DWD and the
values H, derived from TS-X/TD-X data.
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Chapter 9

Case studies

In this chapter, four case studies of TS-X/TD-X VV polarized StripMap data acquired over in-
situ wave measurements are presented. The common sea state integrated parameters, significant
wave height, peak period and direction as are compared to in-situ buoy wave measurements and
to results of the wave model WAM running at DWD. Additionally also the spectral shape from

the image spectrum derived from the SAR data and the buoy wave spectrum are compared.

9.1 Case-studies over in-situ wave measurements

The case studies presented here, provide an insight for the wave measurements imaged by the
TS-X/TD-X. The cases are taken over buoys under different sea state conditions, with multiple
wave systems and with significant wave heights ranging from 2.1 mto 7. 5 m.

For each case, the significant wave height, wave peak period and direction given by the buoy
and wave model WAM running at the DWD and the derived from the TS-X/TD-X data are
presented. Numerical wave model data is useful to assert the wave field direction, for the cases
where buoys do not provide ocean wave field directional information. The wind information
which is used to force the wave model is also provided for the year of 2011.

Regarding the comparison of the 1D spectrum of TS-X/TD-X and the buoy 1D
spectrum, the spectrums are compared graphically, and for each case study, the derived azimuth
cut-off frequency is also given. The buoy 1D spectrum, commonly known as wave spectrum,
has units of m?/Hz. To enable comparisons between the 1D spectrum derived from TS-X/TD-X
data and the buoy spectrum, the derived spectrum needs to be converted/calibrated to the same
units of the spectral values.

It was chosen to calibrate the TS-X/TD-X derived 1D spectrum energy density using
the significant wave height derived by the empirical algorithm XWAVE as guideline. A short
description of the method adopted is given hereafter. First, H,is derived using the empirical

XWAVE algorithm. From this result, the zero momentum is calculated as follows:

my = —. (9.1)

It was wrong the formula:

Then the zero momentum my, is calculated from the TS-X/TD-X spectrum by:
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f
Mox = Jrpim Sx* df * f (92)

Where S, is the spectrum derived from the SAR data, df is the frequency spacing and £, is a
calibration factor.

The objective is to force m,, to have the same value of m,. A new calibrated spectrum
can be obtained by multiplying the TS-X/TD-X spectrum with the factor f.; S,, = S, * f; . Sy
the new calibrated spectrum can now be compared to the buoy wave spectrum. The spectrum is
calibrated to simulate to have the same units as the real buoy spectrum. Therefore each 1D
spectrum derived from TS-X/TD-X data is calibrated according the wave height given by the
XWAVE and is compared in each case study to the buoy spectrum.

The case studies presented are taken under different wave climates, with the intention of
showing more complex wave conditions rather than simple cases. A summary of the case
studies details is given in Table 9.1. The first case study presented here, describes a spectral
shape defined three wave system swell wave field propagating in range direction, in moderate-
low sea state conditions. The second case study is a case taken in very high sea state and wind
speed conditions. Very high sea state conditions and additionally high wind speed are the most
difficult cases, as the ocean waves are highly distorted. The third case is a complex four wave
system wave field acquired under moderate sea state conditions and high wind speed conditions.
The forth case study presents the analysis of an two wave system wave field taken under
moderate low sea state conditions, average wind speed and high incidence angle. In this case,
the second wave system is only identified in the derived 2D spectrum from the SAR data, as the

wave systems have similar wavelengths appearing therefore as a single wave system in the 1D

spectrum.
Table 9.1: Summary of the case studies
Case Wave height Wind speed Incidence angle Wave systems
(m) (m/s) )
12-3[ [3-4] [4-8]|]3-8[ [8-15] >15 |[20:26] [26:33] [34:38] 1 2 >2

| X X X X

| X X X X
1 X X X
v X X X
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Case study |

Range travelling wave field under moderate sea state conditions. A TD-X VV polarized
StripMap data image acquired over buoy 51000 (23°33'30" N 153°54'0" W) near the Hawaii
Archipelago with center incidence angle 30.9°, ascending path, on November 17, 2010 at 4:14
UTC.

s e =

Figure 9.1: TanDem-X VV polarized StripMap image acquired on November 17, 2010 at 4:14 UTC
over buoy 51000 near the Hawaii Archipelago in the Pacific Ocean (left). Sub-scene (5.1 x 5.1 km)
taken from the left image (right).

The case presented here is the analysis of the TD-X VV polarized StripMap data image
acquired over buoy 51000 (figure 9.1). The case is taken under moderate-rough sea state
conditions, with a measured buoy wave height of 2.8 m, with equal wave height derived from
the TD-X data. The H, given by the numerical wave model WAM at DWD is 2.5 m, which is
underestimated by 0.3 m. An overview of the meteo-marine conditions for the region in
question is provided by the wave model WAM at DWD results shown in figure 9.3 and figure
9.4.

The comparison of the peak period shows the same value of peak period (10.0 s) for
both TD-X and buoy. The wave peak direction given by the buoy is 73°, which is almost the
same as the peak direction derived from TD-X data (74°). A summary of the meteo-marine
parameters derived from TD-X data and in-situ measurements is given in Table 9.2.

The 2D spectrum derived from the TD-X data (figure 9.2) shows that most of the
energy density is located between the 100 m and 300 m wavelengths band of the spectrum.

Range travelling ocean waves in respect to the satellite path, which is the case here, present
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optimal sea state conditions to be image by the SAR sensor, as the imaging process of these
ocean waves is considered mostly linear (Chapter 7). The comparison of the 1D spectral shape
(figure 9.2 right) shows a very good fit for the highest energy peak and a good fit for the high
frequency peak (~0.09 Hz) wave peak. The derived azimuth cut-off wavelength is for this case
125m.
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The unitsin the !D spectrum should be m?/Hz Figure 9.2: 2D spectrum derived from TS-X VV
polarized StripMap image acquired on November 17, 2010 at 4:14 UTC over buoy 51000 (left).
Comparison of the 1D spectrum derived from TS-X data (blue) and the buoy 1D spectrum (red). The
black vertical line represents the derived cut-off frequency: 0.111 H, (125 m wavelength) (right).

Table 9.2: Sea state parameters provided by buoy 51000, the wave model at DWD, and derived from
the collocated TD-X image.

Hy(m) T(8) M)  6,() U(m/s) Udir(®)
DWD 2.5 135 285 41 2.5 96
buoy 2.8 10.0 156 73 3.2 99
TS-X 2.8 10.0 156 74 3.9 -
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Figure 9.3: Hg wave field (left) and swell wave height (right) on November 17, 2010 at 4:14 UTC given
by the WAM wave model running at DWD.
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Figure 9.4: Wind sea height (left) and wind field (right) on November 17, 2010 at 4:14 UTC given by
the WAM wave model running at DWD.
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Case Study 11

Near-range wave field under high sea state conditions. TD-X VV polarized StripMap data
image acquired over buoy 46001 (56.304N 147.92W) with center incidence angle of 26.5°, on
November 13, 2011 at 3:23 UTC.
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Figure 9.5: TD-X VV polarized StripMap data image acquired on November 13, 2011 at 3:23 UTC
over buoy 46001 near the west coast of Canada (left). Sub-scene (5.1 x 5.1 km), taken from the left
image (right).
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Figure 9.6: 2D spectrum derived from TS-X VV polarized StripMap image acquired on November 13,
2011 at 3:23 UTC over buoy 46001 (left). Comparison of the 1D spectrum derived from TD-X data
(blue) and the buoy 1D spectrum (red). The black vertical line represents the derived cut-off frequency:
0.078 H, (256 m wavelength) (right).
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The case presented here is the analysis of the TD-X VV polarized StripMap data image
acquired over buoy 46001 (figure 9.5). The case is taken under high sea state conditions with a
measured buoy H, of 75 m and a derived H; from the TD-X data of 6.6 m. The
underestimation of significant wave height by the XWAVE algorithm for this case is of 0.9 m.
This underestimation is expected for cases of high sea state conditions, where is more difficult
the imaging of ocean waves, even with long wavelengths, by the SAR (Chapter 7).

A summary of the meteo-marine parameters derived from TD-X data and given by the
buoy are given in Table 9.3. An overview of the meteo-marine conditions for the region in
question is provided by the wave model WAM at DWD results shown in figure 9.7 and figure
9.8.

The comparison of the peak period shows good results, with a TD-X derived peak
period of 13.8 s against a peak period of 13.9 s given by the buoy. Although the difficulties of
imaging in high sea state conditions, peak information, especially for near range travelling
wave fields, is more easily to infer.

The buoy 46001 does not provide information regarding ocean wave’s propagation
direction for the time in question. Comparison of the wave peak direction is therefore done
against the wave model data.

The wave peak direction of the wave model chosen is in fact the wind sea peak
direction, as the wave model gives a higher wind sea wave height of 7.0 m, against 2.8 m of
swell wave height. Therefore the comparison of peak period is done against the wind sea peak
period of the model. The wind sea peak direction given by wave model is 262° against the TD-
X derived peak direction of 240°. The wave peak period for the DWD wave model shown in
Table 9.3 corresponds to the wind sea peak period. The swell peak period given by the model is
14.9 s (~350 m) and the wave peak direction of the swell is 219°.

This makes the swell wave field calculated by the model an azimuthally propagating
wave field. However the swell field calculated by the model is not observed both TS-X
spectrum and buoy spectrum (figure 9.6). More probably the swell wave field calculated by the
model was overestimated by one second, and the calculated wind sea wave field also, as the 1D
spectrum of the buoy also shows two wave systems very close together.

The comparison of the 1D spectrum derived from TD-X data shows a good agreement
with the one given by the buoy for lower frequencies (longer wavelengths). For wavelengths
below the azimuth cut-off wavelength the difference of the spectral shape of both spectrums has
significant differences, e.g. the buoy wave spectrum for higher frequencies, (~ 0.09 Hz - 0.13

Hz) has higher values of energy density then the TD-X spectrum.
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Table 9.3: Sea state parameters provided by buoy 46001, the wave model at DWD, and derived from the

collocated TD-X image

Hg(m) Ty(s) Ap(m) 6,(°) U(m/s) udir(®)

DWD 7.5 135 285 262 19.7 276

buoy 7.5 13.8 297 - 18.6 280

TS-X 6.6 13.9 302 240 16.4 -
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Figure 9.7: Hg wave field (left) and swell wave height (right) on November 13, 2011 at 3:23 UTC given

by the WAM wave model running at DWD.
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the WAM wave model running at DWD.
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Case study 3:

Four wave system complex wave field, TS-X VV polarized StripMap data image acquired over
buoy 46014 (39°14'6" N 123°58'26" W) with center incidence angle of 21.5°, on November 16,
2010 at 14:32 UTC.

Beal —— o o oo

_ ot Brag

Figure 9.9: TS-X VV polarized StripMap data image acquired on November 16, 2010 at 14:32 UTC
over buoy 46014 located near the west coast of USA (left). Sub-scene (5.1 x 5.1 km) taken from the
image left (right).

The case presented here is the analysis of the TS-X VV polarized StripMap data image
acquired over buoy 46014. This case is taken under rough sea state conditions with a measured
buoy H of 3.0 m against a derived H, of 2.7 m from the TS-X data. The XWAVE algorithm
underestimated the wave height by 0.3 m. The H, given by the wave model is for this case 3.5
m, which is overestimated by 0.5m.

A summary of the meteo-marine parameters derived from the TS-X data and given by
the buoy 46014 are given in Table 9.4. An overview of the meteo-marine conditions for the
region in question, provided by results from the wave model WAM at DWD, is shown in
figure 9.11 and figure 9.12.

The comparison of the peak periods shows similar results with a TS-X derived peak
period of 7.9 s against 7.7 s given by the buoy. Given that the buoy 46014 does not provide
information regarding the wave field propagation direction, therefore the evaluation of wave
peak direction is done using only wave model data. The wave peak direction given by the
numerical wave model is 342° against 290° derived from the TS-X data.
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However a more detailed analysis of the data provides an explanation for the difference
of the ocean wave propagation directions. The buoy spectrum (figure 9.10, right) shows that
the imaged wave field is composed of four wave systems with different wavelengths. The 2D
spectrum derived from TS-X data (figure 9.10, left) shows that the four wave systems wave
fields have different wavelengths but nearly the same wave propagation direction. The wave
model peak period is 11.2 s against 7.7 s given by the buoy, which leads to the conclusion that
the wave peak direction given by the wave model is not for the same wave system considered
to be with highest spectral density (higher peak) by both SAR and buoy.

Therefore in this case we cannot compare the wave peak direction. It is important to
note that the spectral shape from the 1D spectrum derived from the TS-X data is similar to the
one given by the buoy, which means the SAR data under these moderate conditions is able to
image the wave systems without major distortion. The three wave systems are seen in the 1D
spectrum as separated wave systems and their peaks match the spectrum peaks of the buoy.
The fourth wave system has a frequency of ~0.17 H, (~55m) which is not visible in the TS-X
derived spectrum.

The derived azimuth cut-off wavelength is for this case 131 m. The wave fields
observed in the 2D spectrum travel near to range direction which explains why the three of the
four imaged wave fields are seen in the 1D spectrum, expect the high frequency system at

about 0.18 H, which was not imaged properly.
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Figure 9.10: 2D spectrum derived from the TS-X VV polarized StripMap image acquired on November
16, 2010 at 14:32 UTC over buoy 46014 (left). Comparison of the 1D spectrum derived from TS-X data
(blue) and the buoy 1D spectrum (red). The black vertical line represents the derived cut-off frequency:
0.109 H, (131 m wavelength) (right).
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Table 9.4: Sea state parameters provided by buoy 46014, the WAM wave model at DWD, and derived
from the collocated TS-X image.

Hg(m) T, (s) Ap(m) 6,(°) U(m/s) Udir(®)
DWD 3.5 11.2 196 342 - -
buoy 3.0 7.7 93 - 12.0 41
TS-X 2.7 7.9 97 110 10.5 -
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Figure 9.11: H, wave field (left) and swell wave height (right) on November 16, 2010 at 14:32 UTC
given by the WAM wave model running at DWD.
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Figure 9.12: Wind sea height (left) and wind field (right) on November 16, 2010 at 14:32 UTC given by
the WAM wave model running at DWD.
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Case study 4:

The conditions under which this case study was performed are the following: Wave field
composed of two wave systems with the same wavelength and different propagating direction.
TS-X VV polarized StripMap data image acquired over buoy 42056 with heading of 190° and
center incidence angle of 37.2° on July 1, 2010 at 11:36 UTC.

49 ki T I N oo

Figure 9.13: TS-X VV polarized StripMap data image acquired on July 1, 2010 at 11:36 UTC over buoy
42056 located near the west coast of Cuba (left). Sub-scene (5,1 x 5.1 km) taken from the left image

(right).

The last case presented, is the analysis of the TS-X VV polarized StripMap data image
acquired over buoy 42056 near Cuba (figure 9.13) during moderate sea state conditions, with a
measured buoy Hg of 2.1 m and a derived H from the TS-X data of 1.9 m. The XWAVE
algorithm underestimated the wave height by 0.2 m. The calculated H, by the wave model is
1.7, which is underestimated by 0.4 m.

A summary of the meteo-marine parameters derived from TS-X data and given by the
buoy 42056 are given in Table 9.5. An overview of the meteo-marine conditions for the region
in question, provided by results from the wave model WAM at DWD, is given in figure 9.15
and figure 9.16.

The comparison of the wave peak period shows the same value (7.7 s) for both TS-X
and the buoy. The wave peak direction given by the buoy is of 119° against 93° derived from
the TS-X data, which confirms that the imaged wave field is a range propagating wave field.
The derived 2D spectrum from the TS-X data (figure 9.14) shows two peaks which correspond
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to two wave systems propagating with almost the same wavelength but with different
directions. It is probable that the wave peak direction derived from the TS-X data belongs to
the second wave system which has approximately the same wavelength and almost the same
energy density (figure 9.14). The two peaks are not visible in the 1D spectrum, only visible in
the 2D spectrum. The comparison of the spectral shape of the 1D spectrum shows reasonable
agreement of the energy peak with the one given by the buoy. The main differences observed
in the spectral shape are that the 1D spectrum derived from TS-X data has overestimated
energy density in the higher frequencies when comparing to the buoy.

The second difference is that the second peak observed in the buoy 1D spectrum at
about 0.16 Hz is not clearly visible in the spectrum derived from the TS-X data. The derived
azimuth cut-off wavelength is for this case study, 114 m. The imaged wave field is near range
travelling wave field, therefore the azimuth cut-off wavelength should be negligible for the

frequency of the wave peak observed, which explains the good fit of the spectral peak.
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Figure 9.14: 2D spectrum derived from TS-X VV polarized StripMap image acquired on July 1, 2010 at
11:36 UTC over buoy 42056 (left) Comparison of the 1D spectrum derived from TS-X data (blue) and
the buoy 1D spectrum (red). The black vertical line represents the derived cut-off frequency: 0.117 H,,
(114 m wavelength) (right).

Table 9.5: Sea state parameters provided by buoy 42056, the WAM wave model at DWD, and derived
from the collocated TS-X image.

Hg(m) Ty(s) Ap(M) 6,(°) U(m/s) udir(®)
DWD 1.7 8.4 110 121 - -
buoy 21 7.7 93 119 10.0 130
TS-X 1.9 7.7 93 93 10.2 -
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Figure 9.15: H, wave field (left) and swell wave height (right) on July 1, 2010 at 11:36 UTC given by
the WAM wave model running at DWD.
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Figure 9.16: Wind sea height (left) and wind field (right) on July 1, 2010 at 11:36 UTC given by the
WAM wave model running at DWD.
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Chapter 10

Extraction of coastal wave field

In this chapter an important application of the empirical algorithm XWAVE is presented.
Meteo-marine information is derived from TS-X/TD-X data acquired over coastal areas
exploiting the advantage of the high-resolution TS-X SAR. As a result information regarding
the spatial variability of significant wave height and ocean waves wavelength present in coastal
areas can be obtained. Three case studies of TS-X data imagery acquired over coastal areas and
the respective derived significant wave height fields are presented. The results are compared to
in-situ  wave measurements and/or numerical wave model results. Additionally, the
corresponding ocean peak wavelength field for each sub-scene analyzed is given. This chapter

is based on the published paper [Bruck et al., 2013].
10.1 Coastal wave field extraction using TS-X/TD-X data

In coastal waters, ocean waves properties change considerably, influenced by the underlying
bathymetry. Ocean waves in coastal waters normally experience effects such as shoaling,
refraction, and diffraction. Additionally, ocean waves are often affected by currents and
crossing over from other wave systems, nonlinear wave-wave interaction, and also depth-
induced wave breaking. The variation of sea state properties in the spatial domain cannot be
measured with a single buoy, as it only provides information on the time domain regarding sea
state at its point location. To obtain the spatial variability of the sea state in high variable areas,
an array of ocean waves measuring buoys can be used, although this method has limitations.
More preferably wave models can be used. In order to accurately predict the wave field in
coastal areas models require in addition to good input also up to date bathymetry.

In complex coastal areas, the resolution of the bathymetry should be in the order of a few
hundred of meters or less.

Normally bathymetry is obtained by field sensing campaigns. This process takes time, is
expensive, and not always is possible to perform. In some locations the bathymetry is rapidly
changing in time and becomes out dated and unsuitable very fast because the ground floor is
sand or mud and therefore is easily affected by transport and erosion. The bathymetry available

might be out dated and not representative of the real bathymetry.
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Aside the performance of the model itself, up-to-date fine resolution bathymetry is
needed together with quality good resolution (depends on the complexity of the area) initial
boundary conditions, i.e. sea-state parameters or spectra, wind fields, wave current field, etc.
For the wave and wind conditions at the boundary normally taken from global scale wave
models, some inaccurate results can occur, especially in storm situations where models have
more difficulty in predicting accurately the correct significant wave height or the time at which
the storm occurs. For this reason modeling is not a straightforward task.

An alternative method to obtain information regarding the sea state or wave field is to
analyze SAR data. The TS-X/TD-X satellite provides high-resolution SAR images of the ocean
surface (up to 1 m), spatial resolution which was not available with the previous conventional
C-band satellites, e.g., ERS and ENVISAT missions. This makes TS-X/TD-X data suitable for
coastal surface wave field observation, especially to observe the considerably changing sea-
state properties.

TS-X/TD-X data acquired over coastal areas cannot be asserted for homogeneity by the
homogeneity test (Chapter 7), due to the high sea state variability in the spatial domain,

therefore the TS-X/TD-X data needs to be previously inspected visually for disturbances.

10.2 Case studies

In two case studies, wave fields derived using the developed algorithm are applied on TS-
X/TD-X data acquired over the complex coastal area near the Elbe Estuary in the North Sea off
the coast of Germany. The North Sea area is a shallow water ocean area, with a few hundred
meters depth (figure 10.1). The first case study is the analysis of a TS-X StripMap data image
taken in this complex coastal area during very high sea state conditions. The second case is the
analysis of a TS-X StripMap data image taken during moderate sea sate conditions over the
Elbe Estuary. This second case is the most challenging, because the Elbe estuary is a highly
complex coastal area with rapidly changing bathymetry due to currents and tides that change
the underwater topography, which is composed mainly of sand banks. For these two cases, the
derived significant wave height and wave peak wavelength wave field using the XWAVE

algorithm are compared to numerical wave model results.
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Figure 10.1: Bathymetry with a resolution of 1 nautical mile for the North Sea area near the coast of
Germany.

The last case study presents the analysis of a TS-X StripMap data image taken under moderate
sea state conditions off the coast of USA. In this case the TS-X image is located between three
buoys, which although not collocated, are within very short distance of a few kilometers.
Therefore they still provide useful information regarding the variation of the significant wave
height in the ocean area covered by the TS-X data image. The conditions of the cases present
here are different from the ones tuned in the algorithm, which was tuned using deep water
measurements with homogenous wave fields. Therefore these case studies provide an
assessment of the performance of the algorithm XWAVE when applied to TS-X/TD-X data

acquired in coastal waters with non-homogenous wave fields.

Case study I: Coastal wave field extraction in high sea state conditions

The first case study is the analysis of a TS-X StripMap VV polarized image acquired under
high sea state conditions on December 9, 2011 at 5:42 UTC between the Helgoland Island and
the Elbe Estuary. The TS-X acquisition is collocated with a buoy (54.02° N, 8.11° E) visible in
the middle of the image (see figure 10.2). The water depth of the area of the TS-X acquisition
varies between approximately 5 to 40 m (figure 10.3).
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Figure 10.2: TS-X VV polarized StripMap image acquired on December 9, 2011 at 5:42 UTC near the
island of Helgoland located in the North Sea, near the coast of Germany, Google earth ©.
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Figure 10.3: View of the respective underlying bathymetry for the same area shown in figure 10.2. The
red box corresponds to the area of the TS-X acquisition.

An overview of the meteo-marine conditions predicted by the WAM-DWD wave model results,
for the surrounding area of the German Bight is also provided. The H; field and the swell wave
height are shown in figure 10.4. The wind sea wave height and wind field are shown in figure
10.5. The wave field is propagating towards east, with decreasing wave height from
approximately 6 m to approximately 2.5 m as it approaches the east landmass. Given that the
swell component is below 0.5 m (figure 10.4), the wave field is mainly wind sea. The wind
fields given by the model in the location of the TS-X image is of 18.5 m/s. The derived wind
field from TS-X data gives values of wind speed varying between 20 m/s and 25 m/s. Wave
model data provided by the DWD and local buoy data are used to validate the results. The sea

state parameters given by the buoy, the wave model results from DWD for the nearest grid
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point to the buoy location (54°N, 8.2°E, dx = ~6km) and the ones derived from the TS-X sub-
scene taken over the position of the buoy are shown in Table 10.1.
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Figure 10.4: H, wave field (left) and swell wave height (right) given by the WAM wave model at DWD
on December 9, 2011 at 6:00 UTC.
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Figure 10.5: Wind sea height (left) and wind field (right) given by the WAM wave model at DWD on
December 9, 2011 at 6:00 UTC.
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Table 10.1: Sea state parameters given by the buoy, the DWD wave model (grid point 54 N 8.2 E) and
derived from the collocated TS-X StripMap image taken on December 9, 2011 at 5:42 UTC.

Him) T, ()  Ap(m)  6,(°)  Uso(Mfs)  Usedir(°)

DWD 4.1 13.5 285 307 18.5 261
buoy 5.7 111 195 - - -
TS-X 6.0 11.6 210 298 21.1 260

The significant wave height estimated from TS-X data at the buoy location (6 m) is quite
similar to the in-situ wave measurements (5.7 m). The significant wave height estimated using
the XWAVE algorithm is for this case overestimated by 0.3 m. The significant wave height
given by the wave model at DWD is 4.1 m.

The underestimation of the wave model by about 2 m, is probably not due to the too
low resolution of the grid (0.75°), more likely is related to a delayed prediction of the incoming
high waves due to storm. This assumption resides in the fact that, the next wave model
prediction, 3 hours later, shows higher values of significant wave height (5.4 m) closer to the
ones derived from TS-X/TD-X data and the buoy. Regarding the comparison of the peak
period, (using dispersion relationship in the case of the TS-X), shows a good fit with a TS-X
peak period of 11.6 s and a buoy peak period of 11.1 s. The wave model gives for the peak

period an overestimated value of 13.5 s.
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Figure 10.6: Sea surface wind field derived applying the XMOD algorithm on the TS-X VV polarized
StripMap acquired on December 9, 2011 at 5:42 UTC.
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Figure 10.7: H; wave field (left) and peak wavelength field (right) derived from TS-X VV polarized
StripMap image acquired on December 9, 2011 at 5:42 UTC using a 2.6 km x 2.6 km size box. The red
boxes and black circle (location of the buoy) are sub-scenes presented in figure 10.8.
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Figure 10.8: Sub-scenes (2.6 x 2.6) km from the TS-X VV polarized StripMap data image acquired on
December 9, 2011, at 5:42 UTC.
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Four sub-scenes (~2.6km x ~2.6 km) taken from different positions of the TS-X data are
presented in figure.10.8.

Sub-scene (a) is located in the upper part of the TS-X acquisition (figure 10.7). The
derived Hy is 5.1 m and the peak wavelength is 165 m. Only one wave system is detected in the
derived 2D spectrum.

Sub-scene (b) is located in the area where the wave fields reunite after being diffracted
around the Helgoland Island (figure 10.9). The case presented here, shows cross sea conditions,
where two wave systems with different propagating direction can be visualized in the 2D
spectrum. The H, derived from the TS-X data is for this case 3.6 m and the peak wavelength,
139 m.

Sub-scene (c) is located at the position of the buoy. In this case one wave system is
detected in the derived 2D spectrum from the sub-scene. The H, derived from TS-X data, is as
mentioned before, 6.0 m. Further details regarding the sea state parameters derived from this
sub-scene and the comparison with the buoy results can be seen in Table 10.1.

Sub-scene (d) is located near shallower waters in the bottom part of the TS-X
acquisition near the coast. In this case, sea surface signatures caused by the underlying
bathymetry can be observed in the SAR data. The derived H, from TS-X data for this case is
4.4 m. The derived peak wavelength is 134 m, which is the lowest of all the cases. Only one

wave system is detected in the derived 2D spectrum.
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Figure 10.9: Zoom into the TS-X VV polarized StripMap mage acquired on December 9, 2011, at 5:42
UTC (black rectangle figure 10.7 ), shown on Google Earth©

Case study I1: Comparison with wave model data

A TS-X StripMap image is acquired over the Elbe estuary during moderate sea state conditions.
Two TS-X StripMap data images are taken at different times, one during high tide and the
second during low tide (figure 10.10) and (figure 10.11). These images are able to shown the
complexity of the underlying bathymetry which changes strongly with the tide. This translates
into a high variation on the coastline from one case to the other. The underlying bathymetry is
composed partially by sand banks which are rapidly changing with the tides and currents.
Figure 10.12 shows the bathymetry for an area of the North Sea surrounding the Elbe estuary,

and a zoom into the bathymetry.
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Figure 10.10: High tide situation acquired on TS-X StripMap taken on November 21, 2008 at 17:01
UTC (left). Low tide situation acquired on TS-X StripMap taken on November 26, 2008 at 17:10 UTC
(right).
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~16 km

~12 km

Figure 10.11: TS-X sub-scenes from the TS-X StripMap data taken on November 21, 2008 at 17:01
UTC showing high tide (left) and low tide situation taken on November 26, 2008 at 17:10 UTC (right).
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Figure 10.12 TS-X HH polarized StripMap image acquired on November 21, 2008, at 17:01 UTC over
the Elbe estuary, and respective underlying bathymetry , Google Earth ©.

The bathymetry shows that the water depth in the Elbe River estuary is in average
approximately 10 m and reaches 20 m depth in the deepest locations. The lower the water depth
is, the higher the influence on ocean waves, which influences their wavelength and wave height
(shoaling).

In this case study sea state information derived from the TS-X data is compared to
global and coastal wave numerical models results (k-model and DWD). The bathymetry shown
in figure.10.1 is used as the area for the coastal model K-model.

At the k-model grid boundary input sea state and wind information is given by the WAM
wave model (global) running at the DWD. The WAM-DWD wave model results are shown
in figure 10.13 and figure 10.14.
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Figure 10.13: H, wave field (left) and swell wave height (right) given by the WAM wave model running
at the DWD on November 21, 2008 at 17:01 UTC.
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Figure 10.14: Wind sea height (right) and wind field (left) given by the WAM wave model running
DWD on November 21, 2008 at 17:01 UTC

The WAM-DWD wave model results show that the computed H, values decrease from west to
east and have its lowest value of 2.4 m at grid point coordinates 54°N 8.25°E, which are the
closest to the Elbe estuary. The WAM-DWD wave model data shows the waves on November
21, 2008 at 18:00 UTC are predominantly wind sea (figure 10.14).

Wind field data is shown in figure 10.14 right and present high value of wind speed,
ranging from 13.2 m/s to 16.7 m/s and the value of wind speed decreases with longitude from
15.3 m/s to 13.2 m/s for the same latitude of 54°N. The wind field derived from TS-X data is
shown in figure 10.15. The highest values are of approximately 13 m/s and are in average 9 m/s
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in the brighter area of the image and approximately 5 m/s in the darkest area of the image. This
change in the wind field is clearly visible in the image and shows an atmospheric front.

The H; field derived from the TS-X data is for this case study obtained by shifting the
analysis box by 1.3 km. The TS-X wave analysis resolution, for this case, is a 1024 pixel box,
spatial averaged sub-scene by a factor of 2, which corresponds to an area of approximately 2.6
km. The numerical spectral model k-model designed for coastal application was applied for our
case (figure 10.16) with resolution of 1 nautical mile (~1.9 km). The H,wave field derived by
the numerical coastal wave model with fine resolution and up-to-date bathymetry is used to
assess the stability of the wave height estimation overall the wave field. The TS-X derived
wind field is also provided as input for the coastal model. The area of analysis is of
approximately 30 km, and the wind speed is in average 12 m/s.

The Hg wave field derived from the TS-X data (figure 10.17) and the H, results from the
numerical model (figure 10.16) follow the same trend of wave height values. With derived
values of 2.2 m against values given by wave model of 2.0 m and down to derived values of 0.5
m against values of 0.3 m given by model. The corresponding peak wavelength field of the

derived wave height wave field is given in figure 10.17 right.

~50 km
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Figure 10.15: Sea surface wind field derived from the TS-X HH polarized StripMap data acquired over
the Elbe Estuary on November 21, 2008 at 17:01 UTC.
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Figure 10.16: Coastal wave model H; results (K-model) for the North Sea, near the coast of Germany,
with a resolution of 1 nautical mile on November 21, 2008 at 18:00 UTC (left). Zoom into the area of
the inside the red box shown on the right image, the black box corresponds to the area of the TS-X

acquisition (right).
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Figure 10.17: Significant wave height wave field derived from the TS-X HH polarized StripMap image
acquired over the Elbe estuary on November 21, 2008 at 17:01 UTC (left) and the corresponding peak

wave length (right).
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Case Study I11: Measuring sea state variability on TS-X data, verification with in-situ wave
measurements.

This case presents the analysis of the TS-X VV polarized StripMap data image acquired in the
southwest of USA, near Santa Barbara (California) acquired on April 9, 2012 at 1:51 UTC
(figure.10.18).

At the location where the TS-X data image is acquired, spatial variability of sea state is
expected. This because, the wave field propagates from Northwest and the cape visible in the
figure shadows the northwest wave fields in the south. In this area the variation of significant
wave height is measured by three buoys, 46054, 46218 and 46011, (figure 10.18). Buoy 46054
is located about half a kilometer south of the TS-X acquisition boundary. The Hy, measured by
buoy 46054 at nearest available time; 1:00 UTC is 1.1m. Buoy 46218 is located about 6 km
west from TS-X acquisition boundary.

The measured H, by buoy 46218 at 2:06 UTC time is 1.6 m. Buoy 46011 is located 37
km north of the TS-X acquisition boundary. The measured Hg by buoy 46011 is 1.9 m. The
measured buoy wind speed recorded by buoy 46054 is 8.8 m/s at 00:50 UTC. The wind speed
measured by station PTCG1 located in the cape (figure 10.18) at 1:50 UTC is of 9.3 m/s.

~50 km
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y Wave height (m)

Figure 10.18: TS-X VV polarized StripMap image acquired over the south coast of USA, near Santa
Barbara (California) acquired on April 9, 2012 at 1:51 UTC (left). Significant wave height wave field
(box size 2.6 km) derived from the image shown left (right).
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A summary of the in-situ observations available near the TS-X acquisition is shown in Table
10.2. From Table 10.2 it is shown that the variability of H, in the area covered by the TS-X
image is of 0.8 m. The H, given by buoy 46011 which is located about 40 km north of the TS-
X acquisition is of 1.9 m. The H, values derived from the TS-X image for the upper part area
are about 2.0 m, being the highest 2.1 m.

The derived TS-X H, decreases to values of 1.7 m in the middle of the image, which is
similar to the H; of 1.6 m given by the nearest buoy 46218, at about 6 km from the TS-X
acquisition. In the bottom part of the TS-X image, the derived H, from TS-X data, decreases
down to 1.0 m, which is also close to the wave height value of 1.1 m given by buoy 46054,
located at about 2.5 km from the TS-X acquisition. These results show that the variability of
the wave field derived from TS-X data tend to follow the variability of Hg; measured by the
buoys.

An interesting point to mention is regarding the wind information, the derived wave
height in this case is higher where wind speed is lower and lower where wind speed is higher
(Table 10.2). The wave field is mainly swell and therefore the spectral parameter E has stronger
influence in this case. This case study is a good example that shows the stability between the

input parameter sea surface wind speed and the spectral parameter E.

Table 10.2: Summary of in-situ data (waves and wind) at the location of the TS-X StripMap data
acquired on April 9, 2012 at 1:51 UTC, south coast of USA near Santa Barbara (California).

PO Wind Wind
Station Relative to Dx (km) | Hs (m) Tp(s) Dir(°) speed(m/s) | direction(®)
TS-X image P
46218 (waves only) West ~6 1.6 14.3 293
46054 (waves/wind) South ~2.5 1.1 14.8
46011 (waves/wind) North ~40 1.9 13.8 299 5.4 311
PTCGL1 (wind only) center 0 - - - 9.3 4
In-situ sea state information: dt < 30 min, wind information: dt < 10 min.
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Chapter 11

Summary and Conclusions

The aim of this PhD thesis is to develop an algorithm to derive significant wave height, H,,
from TS-X/TD-X SAR data. In order to achieve the main objective, several sub-objectives
were successfully accomplished. Those objectives include:
1) The development of a method to discard TS-X/TD-X data containing unwanted
signatures and retain data with homogenous wind generated ocean wave’s wave field.
2) Evaluation of the quality of the 2D spectrum derived spectral peak parameters, peak
wavelength and direction parameters with in-situ wave measurements.
3) Determination and evaluation of the minimum measured ocean wave wavelength by
the SAR, analysis of the dependency of the azimuth cut-off wavelength with the
underlying meteo-marine conditions.
4) Analysis of TS-X/TD-X SAR data, performing sensitive studies with the aim of
pursuing dependencies on parameters derived from SAR data with meteo-marine
conditions.
5) Tuning and validation of the algorithm with deep water in-situ wave measurements.
6) Evaluation of the 1D spectral shapes on the basis of comparisons with in-situ wave
measurements.
7) Performance assessment of the ability of developed algorithm, to measure sea state

variability in the spatial domain, when applied to coastal TS-X/TD-X data imagery.

e Conclusions regarding filtering artifacts in the data

The TS-X/TD-X data considered for the validation/tuning of the algorithm is acquired
over homogeneous wave fields, free of phenomena unrelated with wind generated sea
surface waves, like internal waves, oil slicks atmospheric disturbances. The method to
select homogeneous wave fields in SAR images is based on the spectral analyses of
sub-scene. The method basically checks if spectral properties are similar within the sub-
scene analyzed. The method proved to be successful in the identification of TS-X/TD-X
data with homogenous wind generated ocean waves and to discard data which presents

undesirable artefacts.
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Assessment of the ocean waves peak wavelength and direction

The verification of peak wavelength and peak direction derived from 200 TS-X/TD-X
data using the Fourier analysis with in-situ wave measurements showed good results for
both parameters. For peak wavelength, the verification resulted in a correlation R = 0.96
and a scatter index Si = 0.13 and for the peak direction, correlation R = 0.95 and scatter
index Si = 0.14. The shortest peak wavelength measured for the 200 cases analyzed is
about 67 m and the longest approximately equal to 591 m.

e Assessment of the azimuth cut-off wavelength

The evaluation of the azimuth cut-off wavelength (minimum measured ocean
wavelength in azimuth direction) derived for the TS-X/TD-X showed good correlation
with both significant wave height and sea surface wind speed. The dependency of the
azimuth cut-off wavelength analyzed for 200 TS-X/TD-X with significant wave height
resulted in a correlation R = 0.80 and with sea surface wind speed, R = 0.56.
Dependency with wind sea wave conditions resulted in a correlation R =0.80 and for
Swell a correlation R = 0.74 was obtained.

Azimuth cut-off wavelength was also analyzed for dependency with incidence
angle. For incidence angles up to 38° it is possible, depending on meteo-marine
conditions, to measure lower values of azimuth wavelength (~ 55 m). For incidence
angles exceeding approximately 38° only ocean wavelengths in azimuth direction
longer than about 100 m could be detected.

A very important conclusion is that it is possible to measure much lower ocean
wavelengths from TS-X/TD-X data than from SAR data provided by e.g. ERS and
ENVISAT missions. For ocean waves propagating in azimuth, for which SAR has more
imaging limitations, it was possible to measure a case with azimuth wavelength of 46 m.
For ERS, ENVISAT data the minimum wavelength limit for measuring azimuth

propagating waves is about 150 m.
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e Empirical algorithm XWAVE

The most important contribution presented in this thesis. The development of the first
algorithm to derive sea state parameters from TS-X/TD-X data. The parameters derived
are significant wave height, peak wavelength and peak direction. The algorithm proved
to be robust, acknowledging the validation results obtained by comparing the algorithm
to 100 in-situ wave measurements data-points values. The performance achieved is in
this validation study is given by the scatter index Si = 0.21, the correlation R = 0.93 and
a bias of 0.02 m.

e Verification of the 1D spectral shape

The 1D spectra derived from TS-X/TD-X data was verified with buoy wave spectrum.
This was done by visually comparing the plotted spectrum of both. In this first order
level of assessment of the case studies analyzed here, there is good agreement between
the spectral shape of the spectrum derived from TS-X/TD-X and buoy. This is mainly
due to the lower cut-off effect influence which leads therefore to less distortion on the
spectrum. As expected, the spectrums are more similar in the low frequency band of the

spectrum, as longer ocean waves are better imaged by the SAR.

e Extraction of coastal wave field

The developed algorithm is applied to TS-X/TD-X data acquired on coastal waters to
produce H, and peak wavelength fields, exploiting the advantage of the high resolution
data of the TS-X/TD-X. The results obtained are compared with in-situ wave
measurements and results of wave models runs. The comparison with in-situ and wave
models results for the case presented here, showed good agreement with no obvious
outliers. The results obtained provide further understanding on sea state spatial
variability in coastal areas. Wave fields derived from TS-X/TD-X SAR imagery using
the XWAVE algorithm proved to be a useful new tool capable of analyzing the highly

variable sea state conditions present in coastal areas.
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Outlook

With this work we have identified a number of aspects that require further research. Many
aspects of ocean waves and sea state measurement using TS-X/TD-X data were analyzed in the
aim of this thesis, but need further and deeper analysis. First, it is recommended that the sea
surface data acquired by the TS-X/TD-X needs to be increase in number. Especially cases of
higher sea state conditions are needed for analysis. A larger data-set provides a more stable and
reliable tuning coefficients. Further work should focus on the analysis of the fitting of the
algorithm regarding the different wave climates (wind sea, swell). The fitting of data acquired
specifically for each wave climate will lead to different algorithm tuning coefficients, and
probably optimized new formulas.

Another issue that needs further analysis is the sea surface data taken by the TS-X/TD-
X at different incidence angles. For higher incidence angles SAR data loses quality, but for
lower incidence angles, fine tuning of the data according to incidence angle can optimize
results.

Regarding the spectrum derived from TD-X/TS-X data further analysis is also needed;

the spectral shape derived from TS-X/TD-X data in relation to the real wave spectrum should
be deeper investigated. The analysis of derived spectrum TS-X/TD-X data together with the
buoy spectrum leads to further understanding of the azimuth cut off, improvement in the
measurement of short wind waves, which are steps to further optimize the algorithm.
This thesis showed that the XWAVE algorithm seemed at first glance to be suitable for coastal
applications. Several case studies were compared with buoy data and numerical wave model
data. However derivation of sea state in coastal areas is more complicated then deriving in deep
water, so a detailed study including a large number of coastal SAR data images taken in
different sea state conditions should be analyzed against high resolution coastal wave models.

The XWAVE algorithm is presented in this thesis with results mainly from StripMap
VV polarized data, however analysis was done using other type of TS-X/TD-X data which
showed promise results, therefore a further step can be the implementation of the algorithm to
the full range of TS-X/TD-X data types.

Other aspects found in the analysis of TS-XTD-X SAR data were found indirectly related to
ocean waves but of interesting and important value. Certain atmospheric phenomena signatures
were detected in TS-X/TD-X data, which were not visible in C-band SAR data, in TS-X/TD-X
data is possible to observe cloud formations besides its signatures in the sea surface. Other

signatures visible in the sea surface are high resolution wind streaks. In opposition to C-band
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data, where wind streaks signatures were in the order of more than 1000 m apart, the wind
streaks observed in the TS-X/TD-X data are suspected to be related to the wind gusts, with sea
surface signatures in the order of 100 meters, clearly visible in the TS-X/TD-X data. This effect
caused some unforeseen complications on the retrieval of the spectrum from the TS-X/D-X
data, where the energy peak related to ocean waves was sometimes confused with the peak
related to wind signatures.

The further investigation of the wind gusts suspected signatures is of valuable importance to
the evaluation of marine weather, especially in coastal areas, where turbulence can be observed

with very high resolution.
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Appendix A

This appendix provides additional case studies of TS-X/TD-X data acquired over in-situ wave

measurements.

Case study Al: Moderate sea state and undefined wave systems: TD-X VV polarization StripMap data
image acquired over buoy 46089 (45°53'36" N 125°49'9" W) with centre incidence angle of 21.4° on
December 4, 2011 at 2:02 UTC.

Figure A.1: TD-X VV polarized StripMap data image acquired on December 4, 2011 at 2:02 UTC over
buoy 46089 located near the west coast of the USA (left). Sub-scene (4.6 x 4.6 km), taken from the left
image (right).

The case presented here is the analysis of the TD-X VV polarized StripMap data image
acquired over buoy 46089 under moderate sea state conditions. The H, derived from the TD-X
data is about 2.4m, which is the same as the H; measured by the buoy. The comparison of the
peak period shows almost a perfect match, with a derived peak period from the TD-X data of
10.1 s against 10.0 s given by the buoy. The ocean waves peak direction of 281 ° derived from
SAR is a perfect match with the buoy.

A summary of the meteo-marine parameters derived from the TD-X data and measured
by the buoy 46089 are given in Table A.1. The derived 1D and 2D spectra from the TD-X data
are shown in figure A.2. The wave spectrum given by the buoy has an irregular spectral shape.
There are no obvious peaks in the wave spectrum. The spectral shape spectrum derived from
TD-X data generally visually approximates, with some differences, the spectral shape of the
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spectrum given by the buoy. The major differences are the SAR derived spectrum has higher
energy in the lower frequencies than the wave spectrum given by the buoy, and the peak in the
higher frequencies after the azimuth cut-off frequency is not observed in the 1D spectrum
derived from the SAR data.
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Figure A.2: 2D spectrum derived from TD-X VV polarized StripMap image acquired on December 4,
2011 at 2:02 UTC over buoy 46089 (left). Comparison of the 1D spectrum derived from TD-X data
(blue) and the buoy 1D spectrum (red). The black vertical line represents the derived cut-off frequency:
0.124 H, (102 m wavelength) (right).

Table A.1: Sea state parameters provided by buoy 46089, the WAM wave model at the DWD, and
derived from the collocated TD-X image.

Hs(m) Ty(s) A,(m)  Dir(°) U(mls) udir(°)

DWD 2.4 12.3 236 305 8.2 347
buoy 24 10.0 159 281 7.2 348
TD-X 24 10.1 156 281 7.0 -
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Figure A.3: H, wave field (left) and swell wave height (right) on December 4, 2011 at 2:02 UTC given
by the WAM wave model running at the DWD.
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Figure A.4: Wind sea height (left) and wind field (right) on December 4, 2011 at 2:02 UTC given by the
WAM wave model running at the DWD.
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Case study A2: Moderate sea state, one wave system: TS-X VV polarization StripMap data image
acquired over buoy 46005 (46°5'59" N 131°0'5" W) with centre incidence angle of 24° on December 4,
2011 at 15:04 UTC.

~46 km

Figure A.5: TS-X VV polarized StripMap image acquired on December 4, 2011 at 15:04 UTC over
buoy 46005 (left). Sub-scene (4.6 x 4.6 km) taken from the image left (right).

The case presented here is the analysis of the TS-X VV polarized StripMap data image
acquired over buoy 46005 during moderate sea state conditions. The H, derived from the TS-X
data is of about 2.6 m, the same as the H, measured by the buoy. The H, estimated by the wave
model is underestimated by 0.3 m. The TS-X derived peak period is of 12.4 s against 12.1 s
given by the buoy.

This buoy does not provide information regarding ocean waves propagation direction.
Therefore the comparison of the ocean waves peak direction is done with wave model data.
The waves peak direction given by wave model is of 293° against 301° derived from the TS-X
data. The wave direction measured results confirm that the imaged wave field is a range
propagating wave field. A summary of the meteo-marine parameters derived from TS-X data
and given by the buoy are given in Table A.2.

The derived 1D and 2D spectra from the TD-X data are shown in figure A.6. The
derived 2D spectrum from the TS-X data shows a single wave system. The comparison of the
1D spectrum shows a steep energy peak which has a very good fit with the one with one given
by the buoy. The derived azimuth cut-off wavelength is 127m. The good comparison results are
explained by the fact that the imaged wave field is composed of long wavelength ocean waves

traveling in range direction, which makes it an optimal case to be imaged by the SAR,
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Figure A.6: 2D spectrum derived from TS-X VV polarized StripMap image acquired on December 4,
2011 at 15:04 UTC over buoy 46005 (left). Comparison of the 1D spectrum derived from TS-X data
(blue) and the buoy 1D spectrum (red). The black vertical line represents the derived cut-off frequency:
0.110 H, (127 m wavelength) (right).

Table A.2: Sea state parameters provided by buoy 46005, the WAM wave model at DWD, and derived

from the collocated TS-X image.

Hym) To(s) A,(m) Dir(°) U(mis)  Udir()
DWD 23 135 285 293 89 357
buoy 26 121 229 - 8.8 -
TS-X 26 124 240 301 90 -
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Figure A.7: H; wave field (left) and swell wave height (right) on December 4, 2011 at 15:04 UTC given
by the WAM wave model running at DWD.
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Figure A.8: Wind sea height (left) and wind field (right) on December 4, 2011 at 15:04 UTC given by
the WAM wave model running at DWD.
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Appendix B

2D wave fields derived from TS-X and marine radar
WaMoS data

In this appendix some of the results achieved on the project TerraWAM and on the paper
[Bruck et al., 2010] are presented and discussed. The objective is the comparison of the 2D
spectrum derived from TS-X data and the marine radar WaMoS data, as both instruments are
X-band radars able to obtain 2D wave information of the sea surface. The ocean waves peak
wavelength and direction are inter-compared and auxiliary verified by in-situ wave

measurements.

B.1 Marine (X-band) Radar (WaMos Il) data

Figure B.1: Marine Radar located at the top of the pole (left) Radar image (right) © DLR.

The Wave and Surface Current Monitoring System (Wamos 1l) [Ziemer et al., 1994] is
software-radar system which objective is to analyze X-band marine radar data acquired over
the sea surface and provide information regarding sea state. It was developed at the GKSS in
the early 80°s and has been commercial since 1995 by OCEANWAVES

http://www.oceanwaves.org/start.html. The software is able to transform a standard marine

radar (figure B.1), which is used for detecting targets (ships), and extends its abilities to
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measure ocean waves. In order to obtain an estimation of the sea state; significant wave height
and peak period, usually a stack of n radar images, taken each 2 s, of the ocean surface is taken
for analysis, [Nieto Borges et al., 2004] (figure B.2). This means, that the marine radar WaMoS
is able to measure the ocean wave field in the spatial and temporal domain.

The system uses the output from marine X-band radar to determine wave and surface
current parameters in near real-time. The measurements are based on the backscatter of radar
energy from the ocean surface (sea clutter) [Nieto Borges et al., 2004], [Nieto Borges et al.,
2008]. The backscatter, which is visible on the marine radar, shows the wave patterns. The
WaMosS Il is a software system that from a sequence of X-band marine radar images calculates
in real time the two dimensional spectrum. The TS-X/TD-X data and marine radar WaMos
data have one important detail in common, they are both radar based sensor and able to
measure the wave field in the two dimensional domain. The marine radar, additionally, also

measures in the time domain

y [m]

x[m]

Relative Radar Intensity

Figure B.2: Sequence of marine radar WaMoS data images of the sea surface taken for the same
location over time, as seen in [Nieto Borges et al., 2004].
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B.2 Objectives

The marine radar data used for the work presented in this thesis is taken from the WaMoS
system installed in the Ekofisk oil platform, located in the North Sea (56°33’N 3°25’E) (figure
B.3).

Figure B.3: Ekofisk oil platform located the North Sea. The marine radar WaMoS is located in the
platform, measuring the sea state conditions of the ocean area surrounding the platform (~5km).

TS-X SAR data is acquired over the Ekofisk oil platform, where the marine radar WaMos is
installed. The objective is to inter-compare the sea state information derived from the TS-X
data, from radar data acquired by the marine radar WaMos and compare with in-situ wave
measurements. More precisely, the goal is to check if the 2D wave field imaged by the marine
radar WaMoS and the TS-X/TD-X SAR sensor are measured alike.

To assert the measuring capabilities of both sensors, the 2D spectrum derived from both
sensors are compared visually and summarized into sea state parameters, H, peak period and
peak direction for comparison.

Significant wave height is estimated from the marine radar data by taking a sequence of
about 20 radar images. This has the advantage that artefacts can be smeared out from the
sequences of the sequence of the radar images. The TS-X data can be only taken one time as a
photo snapshot. The TS-X sub-scenes are taken from an area about 3 km distance from the
Ekofisk oil platform to avoid obvious interference from the structure to the wave field. The

distance cannot be larger because, then the TS-X imaged wavefield would not take into account
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the partial interference related to the Ekofisk oil platform which the marine radar and the buoy

cannot avoid to measure, as they are located there.

. TS-X Dual pol.

. TS-X Spot VV pol.
[:I TS-X Stripmap VV pol.

Bl Ts-X Spotlight HH pol.

Figure B.4: Distribution of different TS-X data image mode acquired over the Ekofisk oil platform with
valid in-situ and marine radar WaMoS measurements.

B.3 Inter-comparison in-situ/TS-X/marine radar WaMoS data

The XWAVE algorithm is applied for different types of TS-X/TD-X products. The XWAVE
algorithm is also tuned with SpotLight data, HH polarized data and dual polarized data,
although with a limited data-set. The data is tuned directly with wave measurements from the
buoy located at the oil platform Ekofisk. Because the TS-X acquisitions were taken at the same
location no incidence dependence is needed. For this study only here TS-X data is acquired.
The marine radar WaMoS covers an ocean area of about 5 km around the Ekofisk oil
platform. The Ekofisk oil platform interferes with the surrounding wave field. The wave field
by the radar is predicted to be slightly different from the wave field outside the 5 km perimeter
analysed. However the buoy is also located in the Ekofisk oil platform, and because it is a point
located device is then more probable to measure a wave field disturbed by the platform.
Figure.B.5 shows the Hg derived from a single marine radar image, against Hy derived from
sequences of marine radar images. It is visible that H derived from both is different, but does
not change significantly for this case. Figure B.6 shows the comparison of H, derived from
marine radar Wamos and in-situ wave measurements. With a good correlation R = 0.90 and a
scatter index Si of 20. The comparison of significant wave eight derived from TS-X data for the
same measurements against in-situ wave measurements resulted in a good correlation R = 0.70

and a Scatter index Si = 0.17, (figure B.7). Comparison of the significant wave height derived
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from the marine radar WaMos and the significant wave height derived from TS-X data resulted
in a correlation R = 0.77 and a Scater index Si = 0.30 (figure B.8). The comparison of the wave
peak period derived from TS-X data with in-situ wave measurements in given in figure B.9.
The comparison of the peak period derived from TS-X data compared to the peak period
derived from the marine radar Wamos is shown in figure B.10. And finally, the comparison of
the peak wave direction derived from TS-X data with the peak direction derived from the

marine radar WaMos data is given in figure B.11.

y =0.9898x - 0.0103
R=0.97
Si=0.08
bias=-0.03 m
Nobs= 30

w
1

=
L

Hs Wamos single (m)
(9%)

(o)
L

2 3 4 5
Hs WAMOS mean (m)

Figure B.5: Comparison of H, derived from a single marine radar image with H, derived from marine
radar WaMoS images.
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Figure B.6: Comparison of H, given by the marine radar WaMoS with in-situ buoy wave measurements.
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Figure B.7: Comparison of H, derived from TS-X data with in-situ buoy wave measurements.
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Figure B.8: Comparison of H, derived from TS-X data with H given by the marine radar WaMoS.
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Figure B.9: Comparison of the peak period derived from the TS-X data against the peak period given by

the buoy.
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Figure B.10: Comparison of the peak period derived from TS-X data against the peak period measured
by the marine radar WaMos.
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Figure B.11: Comparison of the peak wave direction derived from TS-X data against the wave peak
direction derived from the marine radar WaMoS data.

B.4 Case studies

In this sub-section, three case studies of analysis done on TS-X data taken over the Ekofisk
oil platform are presented. The first two cases are TS-X SpotLight mode acquisitions and the
third case is a dual polarized StripMap TS-X data image. For the dual polarized data case,
only the results for VV polarized data is presented. For each case study the derived 2D
spectrum from both the TS-X and the marine radar data are shown. Sea state parameters are

derived from both radar systems and compared to in-situ wave measurements.

Case study |

TS-X VV polarized SpotLight data image acquired on 15 May, 2009 at 17:19 UTC.

Main details:
e TS-X SpotLight VV pol data.
e moderate-high sea state conditions
e two wave systems
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12 km

1.5 km

1S km

Figure B.12: TS-X VV polarized SpotLight data image taken over Ekofisk oil platform on May 15,
2009 at 17:19 UTC (left). Sub-scene from image showed left (right).

The first case presented here, is the analysis of a sub-scene taken from the TS-X SpotLight
acquisition taken over Ekofisk oil platform on the 15" May 2009 under rough sea state
conditions (figure B.12). The 2D spectrum derived from both the SAR and the marine radar
WaMoS data are shown in figure B.13.

There are differences visible between both the 2D spectra. In the spectrum derived from
TS-X data the cut-off effect signature is visible. This signature is seen as a spreading of the
energy spectral values along the range axis (Chapter 7). Despite the influence of the cut-off
effect, the quality of the derived peak parameters is good. The peak wavelength derived from
the SAR spectrum is in good agreement with the in-situ value and with the WaMos. However
the wave peak direction does not match. This is due to the fact that the imaged wave field is
composed of two wave systems with same wavelength but different propagating directions.
Therefore the SAR and WaMoS radar systems assume differently which one is the most
energetic wave system. As there is no information available regarding ocean waves
propagation direction, it is not possible to verify which one of the systems is correctly
obtaining the wave direction.

The significant wave height derived from the SAR data using the XWAVE algorithm is
slightly underestimated by about 0.2 m. The significant wave height derived from the marine
radar WaMosS data is slightly underestimated by 0.1 m. A summary of the sea state parameters
given by the three measurements devices is shown in Table B.1.
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Figure B.13: 2D spectrum derived from the image data sub-scene (figure 11.10 right) (left) 2D spectrum
derived from marine radar WaMoS data on May 15, 2009 at 17:19 UTC (right).

Table B.1: Sea state parameters given by the buoy, the WaMoS and derived from the collocated TS-X
SpotLight data taken on May 15, 2009 at 17:19 UTC.

Hs(m) T(9) Ap(M) Dir(%)
Buoy 3.7 8.7 119 -
WaMoS 36 8.3 108 291
TS-X 35 8.3 108 267

Case study Il

TS-X HH polarized StripMap data image acquired on May 4, 2009 at 17:19 UT

Main details:
e TS-X StopLight VV pol data.

e moderate sea state conditions
e two wave systems

The second case presented here, is the analysis of a sub-scene taken from the TS-X SpotLight
acquisition taken over Ekofisk oil platform on the 4™ 2009, under moderate sea state
conditions, (figure B.14). The 2D spectrum derived from the SAR and the marine radar
WaMos data are shown in figure B.15. Also in this case it is observed in the 2D spectrum
derived from the SAR data the cut-off effect signatures. Despite the presence of cut-off effect
signatures, the peak wavelength and direction derived from the SAR spectrum are in good
agreement with in-situ wave measurements and with the WaMos derived parameters. A
summary of the sea state parameters given by the three measurements devices is shown in

Table B.2.
125
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Figure B.14: TS-X VV polarized SpotLight image data taken over Ekofisk oil platform on May 4, 2009
at 17:19 UTC (left). Sub-scene from image showed left (right).
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Figure B.15: 2D spectrum derived from sub-scene in figure B.14 (left). 2D spectrum derived from
marine radar WaMoS data on May 4, 2009 at 17:19 UTC (right).

Table B.2: Sea state parameters given by the buoy, the WaMoS and derived from the collocated TS-X
SpotLight data taken on May 4, 2009 at 17:19 UTC.

Hg(m) Ty(s) Ap(m) Dir(°)
Buoy 2.4 6.7 70 -
WaMoS 2.0 6.7 70 248
TS-X 2.4 7.2 81 249
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Case study 111
TS-X dual polarized StripMap data acquired on August 16, 2009 at 17:27 UTC

Main details:
e TS-X dual polarized StripMap data
e Near range Wave field
e Moderate sea state conditions

48 km

~5.1 km

Figure B.16: TS-X dual polarized (HH-VV) StripMap image data taken over Ekofisk oil platform on
August 16, 2009 at 17:27 UTC (left). TS-X Sub-scene from image showed left (right).

The third case presented here, is the analysis of the TS-X dual polarized StripMap data image
taken on the August 16, 2009 over Ekofisk oil platform under moderate sea state conditions
(figure B.16). The results presented here are for the TS-X VV polarized data. The 2D
spectrum derived from both the SAR and the marine radar WaMos data are shown in figure
B.17. The derived peak information, peak wavelength and direction from the SAR spectrum,
are in good agreement with in-situ wave measurements and with the WaMos derived
parameters. The significant wave height given by the buoy is of 3.4 m. The estimation of
significant wave height by the XWAVE algorithm is slightly overestimated by 0.2 m. The
estimation of wave height by the marine radar WaMos is overestimated by about 0.1 m. A
summary of the sea state parameters comparison between the three measurements devices for

this case is given in Table B.3.
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Figure B.17: 2D spectrum derived from sub-scene from TS-X dual polarized StripMap on August 16,
2009 at 17:27 UTC (figure 10.13) (left). 2D spectrum derived from marine radar WaMoS data for the
same date and time (right).

Table B.3: Sea state parameters given by the buoy, the WaMoS and derived from the collocated TS-X
StripMap data taken on August 16, 2009 at 17:27 UTC.

Hs(m) T(5) Ap(M) Dir (%)
Buoy 3.4 8.1 102 -
WaMo$ 33 8.3 108 254
TS-X 36 8.6 116 251
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Appendix C

In this appendix the algorithm to derived sea surface wind speed (XMOD) is described and
discussed. Also included in this appendix, is the comparison of sea surface wind speed

estimated using the XMOD to in-situ wind speed measurements.
C.1 Sea surface wind speed at 10 m height (U,,)

The sea surface wind speed U, is essential as input for the XWAVE algorithm. An X-Band
Geophysical Model Function (GMF) algorithm was established for VV and HH polarized
TS-X and TD-X data to obtain the wind fields (XMOD-algorithm) [Ren et al., 2012]. The
GMF relates sigma naught o, incidence angle ¢ and wind direction @. The XMOD linear

model function is defined as
0y = Xo + X1V + x, sin(0) + x3 cos(20) + x,vcos(20) (C.1)

where o, is NRCS, U is the wind speed, @ is the incidence angle and ¢ is the radar azimuth

relative to wind direction. The constants x, to x, now tuned using data from the space-borne
Imaging Radar-C/X (SIR-C/X) mission in 1994 and the European Center (ECMWF)
reanalyzed ERA-40 wind fields (ECMWF: Re-Analysis of the global atmosphere and surface
conditions for 45-years). Wind speed from TS-X data can be retrieved using this model
accurately between 2 m/s and 25 m/s for incidence angles 9 between 20°~55°.

The wind direction is given by weather numerical models or derived directly from the SAR
image, by analyzing wind related signatures (e.g wind streaks) visible on SAR data images.
These signatures are produced by airflow over the sea surface, which interaction of the wind
with the sea surface is visible in the SAR images as wind streaks (Chapter 6). In coastal areas
the wind shadowing structures in SAR images are indicator of the wind direction.
Additionally, the local gradient method [Koch W., 2004] or Fourier analyses can be
implemented [Alpers et al., 1994] to determine the wind direction. Other sources of wind
direction input are given by wind models (recall Chapter 8). The dependency of sigma naught
and the wind direction is shown in figure C.1. For the validation of the XMOD algorithm
results, the wind direction used as input is the one measured by the anemometers. This is
done to avoid a source error related to the derivation of the wind direction from SAR data.

This makes the XMOD wind speed results only dependent on the performance of the model.
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Figure C.1: Graphic representation of the sea surface wind speed U, estimation from TS-X/TD-X SAR
data by the XMOD function [Ren et al., 2012].

C.2 Validation of the sea surface wind speed U, , algorithm XMOD

Wind speed can have high variation on the area covered by the TS-X/TD-X StripMap image
(30km x50 km). The wind speed high variation named as wind gusts are related with
atmospheric instability. An example case of the XMOD algorithm applied on TD-X data is
shown in figure C.2.

The XMOD algorithm is applied to TS-X/TD-X VV polarized StripMap data collocated with
buoys (wave measurements devices). The sea surface wind speed U, derived by the XMOD
algorithm is compared with the wind speed measured by the anemometers located at the wave
measurement devices. The values of wind speed obtained with the XMOD algorithm, are
derived from a sub-scenes of about 5.1 km side length, collocated with the anemometer/buoy
position. The performance of the XMOD algorithm on a data-set of 100 TS-X/TD-X Stripmap
VV polarized data images collocated with in-situ wind observations resulted on good results
with a correlation R of 0.93 and a scatter index Si of 0.15 and a bias of -0.25 m/s(figure C.3).
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Figure C.2: Sea surface Wind fields U;, derived by the XMOD algorithm on the TanDEM-X VV
polarized StripMap data image acquired on November 17, 2010 at 4:14 UTC over buoy 51000 near the
Hawaii Archipelago.
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Figure C.3: Comparison of the derived sea surface wind speed at 10 m height, U, ,, given by the XMOD
algorithm and wind speed measured by anemometers.
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Appendix D

In this appendix, it is presented a case study example of ocean waves analysis performed using
TD-X Stripmap VV polarization data in deep water. The case provides an insight on the
variation of sea state properties in the spatial domain in deep water. The variation is analyzed
for different neighboring locations by selecting different sub-scenes inside the StripMap image.
The variation of the sea state properties is also analyzed by selecting different sub-scene size.
The TD-X image data analyzed is the TD-X Stripmap VV polarized data image taken on
November 17, 2010 at 4:14 UTC over the buoy 5100, near the Hawaii Archipelago (figure D1).
The different size sub-scenes taken from different locations in the TD-X data image are
analyzed.

Figure D.1: TanDEM-X VV polarized StripMap image acquired on November 17, 2010 at 4:14 UTC
over buoy 51000 near the Hawaiian Archipelago. Sub-scenes are analysed and results are shown in
Table D.1 and from figure D.2 to figure D .5

The TD-X data image is not considered homogeneous for the full area, but the area where
subs-scenes are extracted it is defined as homogenous by the methodology described in
Chapter 7.For each sub-scene the 2D spectrum and the sea state parameters are derived. The

larger the sub-scene size chosen, the more ocean waves it contains, and it provides a closer
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result to the average sea conditions. However it can be computationally inefficient or
undesirable to analyze larger areas. For smaller sub-scenes the difference of the statistical
results becomes more erratic, as the number of waves inside the sub-scene is less, and this
leads to higher probability that the average value is influenced by the exceptions as freak
waves, single waves, wave groups, etc. A 2048 pixel sided sub-scene is equivalent to about 5.1
x 5.1 km, 1024 pixel sided sub-scene is equivalent to about 2.6 x 2.6 km area, and a 512 pixel
sided sub-scene is equivalent to about to about 1.3 x 1.3 km. The results for image data and
using different box sized are shown in figure D.2, figure D.3, figure D.4 and figure D.5. The

results are summarized in Table D.1.

Table D.1: Summary of the sea state parameters results obtained for the different sized sub-scenes from
the TD-X data acquired on November 17, 2010 at 4:14 UTC over buoy 51000 near Hawaii Archipelago.

H (m) T, () 6,(°) Uso (/s)

H, stdv T, stdv 0 stdv Uio stdv

2.5 0.10 9.8 0.31 255 4.4 4.1 0.64

2.6 0.1 9.5 0.23 270 14.9 3.8 0.12

2.8 0.05 10.2 0.83 273 11.2 4.1 0.0

g|lO|m| >

2.9 0.10 9.2 0.15 273 10.4 4.1 0.0
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Figure D.2: Sub-scenes from the TanDEM-X StripMap VV polarized image acquired on November 17,
2010 at 4:14 UTC over buoy 51000 near the Hawaii Island at position A and their respective derived 2D
image spectrum and the meteo-marine parameters. On top the 2048 pixel sub-scene results are shown,
in the centre a 1024 pixel sub-scene results are shown and on the bottom a 512 pixel sub-scene results
are shown.
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Figure D.3: Sub-scenes from the TanDEM-X StripMap VV polarized image acquired on November 17,
2010 at 4:14 UTC over buoy 51000 near the Hawaii Island at position B and their respective derived 2D
image spectrum and the meteo-marine parameters. On top the 2048 pixel sub-scene results are shown,
in the centre a 1024 pixel sub-scene results are shown and on the bottom a 512 pixel sub-scene results
are shown.
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Figure D.4: Sub-scenes from the TanDEM-X V'V polarized StripMap data image acquired on November
17, 2010 at 4:14 UTC over buoy 51000 near the Hawaii Island at position C and their respective derived
image spectrum and the meteo-marine parameters. On top the 2048 pixel sub-scene results are shown,
in the centre a 1024 pixel sub-scene results are shown and on the bottom a 512 pixel sub-scene results

are shown.
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Figure D.5: Sub-scenes from the TanDEM-X V'V polarized StripMap data image acquired on November
17,2010 at 4:14 UTC over buoy 51000 near the Hawaii Island at position D and their respective derived
image spectrum and the meteo-marine parameters. On top the 2048 pixel sub-scene results are shown,

in the centre a 1024 pixel sub-scene results are shown and on the bottom a 512 pixel sub-scene results
are shown.
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List of Symbols

a Amplitude of linear ocean wave
A Area

a,  Azimuth resolution

R,  Range resolution

G,  Ground range resolution

H Height of linear ocean wave
h Water depth

0; Incidence angle

6,  Wave peak direction

0 Direction

Hg  Significant wave height

A,  Peak wavelength

T,  Peak period

U Wind speed

Udir Wind speed direction

U, Seasurface wind speed at 10 m height

s Pi

o Radar cross section

o,  Sigma naught (normalized radar cross section)
A Wavelength

T Period

f Frequency

Cligne Speed of light

o Group velocity

W Angular frequency

k Wavenumber

k,  Azimuth wavenumber
k,  Range wavenumber

L Length of the antenna
c Phase speed

g Gravity
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5()
5(,0)

Slant range
Platform (satellite) velocity
Sea surface elevation
One dimensional wave frequency spectrum
Two dimensional wave frequency spectrum
Wave peak direction in relation to satellite path (azimuth)
Power spectrum
Integrated energy from SAR spectrum
TS-X/TD-X measurement
Correlation

Scatter index
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List of acronyms

ASAR Advanced Synthetic aperture Radar on-board ENVISAT
DWD - Deutsches Wetter Dienst - German Weather Center
DLR - Deutsches Zentrum fiir Luft und Raumfahrt — German Aerospace Center
ENVISAT - Environmental satellite launched by ESA

ESA - European Space agency

ECMWEF - European Center for Medium-Range weather forecast
ERS - European Remote sensing satellite

FFT - Fast Fourier Transform

NRCS - Normalized Radar Cross Section

RAR - Real Aperture Radar

RMS - Root Mean Square

SAR - Synthetic Aperture radar

TS-X — TerraSAR-X satellite

TD-X -TanDEM-X satellite

UTC - Universal time Coordinates

WAM - Third generation Numerical wave model
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